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OSMOTIC PROPERTIES OF THE ERYTHROCYTE 


II. Tue INFLUENCE oF pH, TEMPERATURE, AND OXYGEN TENSION 
on Hemotysis sy Hypotonic SOLUTIONS 


M. H. JACOBS AND ARTHUR K. PARPART 


(From the Department of Physiology, University of Pennsylvania and the Marine 
Biological Laboratory, Woods Hole, Massachusetts) 


I 


In the first paper of the present series (Jacobs, 1930), some of the 
more important advantages of the erythrocyte as material for the study 
of cell permeability were mentioned. At the same time it was pointed 
out that because of its peculiar sensitiveness to certain environmental 
factors whose effects upon ordinary cells are much less noticeable, the 
erythrocyte has acquired an undeserved reputation for variability in 
its osmotic behavior. In the present paper, the nature and magnitude 
of the effects of three such factors, namely, pH, temperature and oxygen 
tension, will be considered. It will be shown that at least two of them 
have for the erythrocyte an importance entirely out of proportion to 
that observed in the case of other cells and that their neglect in osmotic 
studies on this type of material is certain to lead to serious difficulties. 

A survey of the literature shows that the importance of the first of 
the three factors was recognized by Hamburger, the pioneer worker 
in the field of osmotic hemolysis, whose numerous earlier studies are 
conveniently summarized in his book, “ Osmotischer Druck und Ionen- 
lehre”” (1902). Hamburger, to be sure, did not distinguish clearly be- 
tween the titratable acidity or alkalinity of a solution and its true reac- 
tion, now commonly expressed as pH; but he did, nevertheless, show 
conclusively that changes of the blood in the acid direction, whether 
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produced by carbon dioxide or by other acids, result in a lowered os- 
motic resistance of the erythrocytes and that changes in the alkaline 
direction have the opposite effect. He correctly associated these changes 
in resistance with the volume changes, observed by von Limbeck (1895), 
which occur under the same conditions. The volume changes he in- 
terpreted in turn as being primarily of an osmotic nature, resulting from 
changes in the amounts of base bound by the cell proteins and from a 
certain type of ionic interchange between the cell and its surroundings 
(1902, pages 307 and 335). In its details, Hamburger’s theory was 
rather indefinite and in several respects it has proved to be entirely er- 
roneous, but it does nevertheless foreshadow to some extent the most 
modern views on the subject. 

Among workers who followed Hamburger, there was for a time a 
tendency to abandon the osmotic explanation of the effects of pH 
changes and to attribute these effects to more or less vague colloidal 
phenomena. Haffner (1920), for example, in a study in which actual 
pH values are mentioned (for most of the values in question see Jodl- 
bauer and Haffner, 1920), and which in this respect represents an ad- 
vance over the work of Hamburger, concludes that, “ Da es sehr un- 
wahrscheinlich erscheint, dass der osmotische Druck der im Zellinnern 
in wahrer Losung befindlichen Substanzen durch Verschiebung der 
H-Konzentration erhebliche, die obigen Befunde erklarende Anderungen 
erfahrt, so folgt, dass fiir das Quellungsverhalten der Zelle als Ganzes 
der Quellungszustand—also der Ladungszustand—gewisser Zellkolloide 
von ausschlaggebender Bedeutung ist.” Similar views have been ex- 
pressed by other workers. 

More recently the osmotic theory of the effect of pH on the volume 
of erythrocytes (from*which its application to problems of hemolysis 
is an easy step) has again been brought forward, this time in a far 

{more definite and satisfactory form than previously, in the very impor- 
‘tant papers of E. J. Warburg (1922) and of Van Slyke, Wu, and 
McLean (1923). For a somewhat briefer discussion of the: theory 
in question Van Slyke (1924, 1926) may be consulted. Not only did 
this theory provide a plausible theoretical explanation of the known 
facts but the observed and predicted magnitudes of the effects in ques- 
tion, of which that on cell volume is the one which concerns us here, 
were found to be in good quantitative agreement. So generally satis- 
factory has this theory proved to be that it is most surprising that so 
little account of it has as yet been taken by persons interested primarily 
in problems of hemolysis. One of the purposes of the present paper 
is to point out its general applicability to such problems. 

The second of the three factors under consideration, temperature, 
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was also studied to some extent by Hamburger (1902, page 172), but 
with results which, probably because of the crudeness of his methods, 
were unsatisfactory. He found almost no measurable differences in 
the degrees of hemolysis produced by hypotonic solutions at 0°, 14° 
and 34° C. Such slight differences as he obtained seemed to indicate, if 
anything, slightly more hemolysis at higher than at lower temperatures, 
a result in the opposite direction from that observed when more accurate 
methods are employed. 

A much more satisfactory piece of work is that of Jarisch (1921), 
in which a very clear and regular decrease in degree of hemolysis with 
rising temperature was obtained for a number of species of mammals. 
Neither the theory offered by Jarisch to account for this effect, how- 
ever, nor the evidence upon which he based it are very convincing, and 
it seems much more plausible to look for an explanation along the same 
lines as those already shown to be useful in the case of pH effects. 
While the indirect osmotic influence of temperature upon the volume 
of the erythrocyte has apparently received only incidental attention, it 
is in all but its details included in the general theory of such volume 
changes. 

Concerning the effect of the third factor, oxygen, on hemolysis, 
little information is available. Ordinary “ fragility” studies are of 
very questionable value for reasons which will be discussed later. 
Strangely enough, Hamburger, whose own work had done so much 
to establish the importance of carbon dioxide as a factor capable of 
influencing hypotonic hemolysis, at times appeared to attribute the in- 
creased resistance of the erythrocytes from defibrinated blood solely 
to an increase of oxygen (for example, 1902, page 172), seemingly 
forgetting the simultaneous loss of carbon dioxide. It is obvious that 
conclusions of value can be drawn from such experiments only if the 
effects of the different variables are properly separated, and this appears 
not to have been the case in the work so far published in this field. 
On the other hand, the effects of oxygenation of the hemoglobin upon 
cell volume have been adequately dealt with by Van Slyke, Wu and 
McLean (1923) and by Henderson, Bock, Field, and Stoddard (1924), 
and the application of the results of these. workers to problems of he- 
molysis is obvious. e 

Summarizing our present knowledge of the subject, it may be said 
that from the experimental point of view the general effects of pH and 
temperature upon the degree of osmotic hemolysis are known, at least 
qualitatively, even though they are only too frequently neglected in 
practice. The effect of oxygen tension is known with less certainty. 
On the other hand, the effects of all of these factors upon cell volume 
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can be predicted theoretically from the known properties of the erythro- 
cyte, of which the base-binding power of its hemoglobin is one of the 
most important; and the calculated and observed volumes have been 
shown in the case of pH to be in good agreement (Warburg, 1922; 
Van Slyke, 1924). It remains to determine how far the simple and 
definite theory of osmotic volume changes is capable of accounting for 
the effects upon hemolysis of the three factors in question and how 
far less precise theories of “colloidal behavior” must be considered. 
Only to the extent that the first type of explanation can be shown ex- 
perimentally to be inadequate will it be necessary to invoke the second. 


II 


Before the presentation of the experimental results, it may be pointed 
out that the method of hemolysis, when properly employed, is perhaps 
the most delicate method at present known for investigating the osmotic 
volume changes of cells. This highly desirable characteristic of the 
method is, rather paradoxically, due to a property of the biological 
material with which it is employed which is commonly thought of only 
as a disadvantage, namely,—its variability. As is. well known, the 
erythrocytes in a given sample of blood form a highly heterogeneous 
population with respect to their resistance to osmotic swelling. In Fig. 
1 is represented the distribution of cells of different resistances in a 
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Fic. 1. Variation in osmotic resistance of erythrocytes of the ox. 
represent percentages of hemolysis; abscissz, times in minutes. 
the experiment as mentioned in. the text. 


Ordinates 
Conditions of 
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sample of ox blood. The data were obtained under the standard con- 
ditions of 20° C., pH 7.4, the oxygen tension of room air, an exposure 
to the solutions for an hour with stirring and the use of such small 
quantities of blood that the composition of the solution does not undergo 
any appreciable change during the course of hemolysis. The points 
represented by circles, which were obtained by the method previously 
described (Jacobs, 1930), and those represented by the two lower 
crosses, which were obtained by the other author by a new method to be 
described elsewhere, fall very satisfactorily upon the same smooth curve. 
The uppermost cross is based upon a direct microscopic examination of 
the suspension. 

The cause of the osmotic variability of the erythrocytes is not defi- 
nitely known. It may be associated with differences in the properties 
of the membranes of different cells, either in resisting stretching or in 
becoming permeable to hemoglobin when stretched. Another possi- 
bility was suggested by Hamburger, namely, that different cells contain 
different amounts of substances such as the materials of the stroma 
and hemoglobin which occupy a part of the cell volume without them- 
selves undergoing osmotic volume changes. The higher the percentage 
of such substances the less the swelling of the cell as a whole in a given 
hypotonic solution would be and the less, therefore, its tendency to 
undergo hemolysis. 

Whatever factor or factors may be responsible for the osmotic 
variability of the erythrocytes, the important fact is that these cells are 
so numerous (approximately 250,000,000 in an ordinary drop of blood) 
that, on the one hand, successive samples from the same lot of blood are 
almost identical and, on the other, the variation is practically continuous, 
i.e., there are represented an almost infinite number of degrees of 
osmotic resistance. Under these conditions, the variability of the cells 
instead of being a source of error becomes an advantage by rendering 
it possible to compare with a high degree of accuracy the osmotic prop- 
erties of solutions whose concentrations differ only very slightly. 

A fair idea of the degree of accuracy obtainable with the method of 
osmotic hemolysis without the employment of any unusual precautions 
is illustrated in Fig. 2. In this figure smooth curves have been drawn 
through the points transferred from the original kymograph record (see 
Jacobs, 1930). The slightly buffered NaCl solutions employed differed 
in concentration by 0.001 M. With one or two slight discrepancies 
the curves form a very regular series. It would obviously be possible 
in the most sensitive part of the range of the instrument without further 
precautions than those here taken to distinguish the osmotic effects of 
solutions differing from one another by 0.0002 M or less, e.g., the effects 
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of 0.0880 M and 0.0882 M NaCl. Such a difference in concentration 
would produce in an osmotically perfect system a volume change of 
less than 0.25 per cent and in an erythrocyte in which the volume of 
the non-liquid part of the cell has been estimated at from 35 or 40 
per cent (Ege, 1921) to 65 or 70 per cent (Gough, 1924; Krevisky, 
1930) a visible change for the cell as a whole of only between 0.1 and 
0.2 per cent. Differences of this order of magnitude, which are by 
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Fic. 2. Effect of concentration on the rate of hemolysis of ox erythrocytes 
at 20° C. and pH 7.4. Ordinates represent scale readings of the instrument and 
abscissz times in minutes. 


no means the smallest that could with care be measured, could probably 
not be dealt with successfully by any other method. Even the large 
spherical Arbacia egg, the most favorable cell in certain respects for 
osmotic studies which has yet been employed, does not permit the ac- 
curate measurement of volume changes ten times as great. 

It follows that the hemolysis method under favorable conditions 
is one of great delicacy. As with other delicate methods, however, the 
effects of disturbing factors are correspondingly serious. Some of 
these factors will now be considered. 


Ill 


The most important factor theoretically and the most difficult one 
to control practically is the pH of the medium. It is safe to say that 
more errors have been caused in studies of osmotic hemolysis by neglect 
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of this factor than of any other. Where a relatively large quantity 
of blood is used with an unbuffered salt solution, the resulting pH will 
be determined chiefly by that of the blood, which in turn will vary 
greatly according to the amount of CO, which has been allowed to 
escape, etc. If very small quantities of blood are employed the case 
is no better, since now the final pH will be more strongly influenced 
by that of the solutions used, which because of absorption of carbon 
dioxide from the laboratory air, etc. may be expected, in the absence 
of buffers, to vary considerably. Under such conditions, even a breath 
from the experimenter at the wrong time may completely ruin an ex- 
periment. It is evident, therefore, that to obtain accurate results it is 
important on the one hand to use very small quantities of blood and on 
the other to work with buffered solutions of known pH. These precau- 
tions have been used throughout this work. 

In carrying out experiments upon the effects of pH changes in which 
concentration differences of 0.0002 M are significant, the usual phos- 
phate buffers are not entirely satisfactory. Solutions of Na,HPO, have 
considerably higher osmotic pressures than those of NaH,PO, of equal 
concentration, and mixtures of such solutions in different proportions 
therefore involve an important variable in addition to pH. Theoret- 
ically, it is possible to find a concentration of HCl which when mixed 
with a solution of Na,HPO, will cause no appreciable change in os- 
motic pressure, the resulting volume changes just balancing those in 
dissociation; practically, however, it is difficult to be certain that pH 
standards made up in this way are exactly equivalent, since the ordinary 
freezing point method for osmotic pressure determinations is not suf- 
ficiently delicate for the necessary tests. It has proved better in prac- 
tice, therefore, to use a solution containing a fixed amount of NaHCO, 
and to vary the pH by adding different amounts of CO,, a substance 
which not only causes no appreciable volume changes in the solution 
itself but which distributes itself so rapidly between the solution and 
the cells that its direct osmotic effect upon the latter can be considered 
to be zero. 

The disadvantages of the bicarbonate-CO, buffer system are, first, 
that because of the volatility of the CO, the experiments must be carried 
out in tightly stoppered bottles in which stirring is somewhat difficult 
to accomplish and from which samples cannot be removed at will; and, 
second, that the highest CO, tensions involve a simultaneous decrease 
in oxygen tension which in itself has indirect osmotic effects. As will 
be shown later, however, these effects are small in magnitude and, on 
the whole, the advantages of the NaHCO,—CO, buffer system greatly 


outweigh its disadvantages for experiments such as the one about to 
be described. 
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The procedure employed in this experiment was as follows. A 
mixture of M/,NaCl and M/,NaHCO, (4:1) was diluted to 0.12M, 
0.11 M, etc., these concentrations referring to the two salts taken to- 
gether. It is permissible to combine the concentrations of the salts in 
question because of their great osmotic similarity. Taking first any 
chosen concentration, a small part of the solution was almost saturated 
with CO,. This saturated solution was then mixed with the unsaturated 
solution in different proportions. For most of the mixtures the amount 
of CO,-containing solution was so small relatively that the oxygen ten- 
sion of the resulting combination was not greatly changed; in the solu- 
tions of lowest pH, however, it was considerably reduced. This re- 
duction might have been largely prevented by the use of pure oxygen in 
conjunction with the carbon dioxide, but in view of the comparatively 
slight osmotic effects of even fairly large variations in oxygen tension 
(see Section V), this refinement was not considered necessary. 

As each solution was prepared, two carefully measured drops of 
defibrinated blood were introduced into 50 cc. of it in a closed vessel. 
As soon as thorough mixing had been accomplished a 30 cc. glass- 
stoppered bottle was quickly filled with the suspension of erythrocytes 
through a glass tube without unnecessary exposure to the air. The 
bottle, completely filled and stoppered, was placed in a water-bath at 
20° C. and rocked gently for one hour. A small glass rod in the bottle, 
kept in continuous movement by the rocking of the latter, prevented 
the erythrocytes from settling to the bottom. Immediately after the 
bottle had been filled a pH determination was made upon a part of 
the remaining solution with a quinhydrone electrode designed to prevent 
escape of CO,. After a series of different pH values had been studied 
for one concentration a second concentration was similarly employed and 
so on until the entire range had been covered. 

The results of this experiment are represented in Fig. 3 in which 
percentage of hemolysis is plotted against pH, and concentrations are 
represented by contour lines. It will be noted that starting at any given 
point the percentage of hemolysis may be increased either by diminishing 
the concentration or the pH, and decreased by changes in the reverse 
direction. Furthermore, it is possible, by changing the two variables 
in opposite directions, to secure an exact balancing of their effects. For 
example, by following the level of 50 per cent hemolysis from the 
contour line for concentration 0.110 M to that for 0.100 M it is seen 
that a concentration difference of 0.010 M is here equivalent to a pH 
difference of 0.45. Considering the figure as a whole, there is seen 
to be some variation in the pH-concentration relation, though the order 
of magnitude remains the same, being in the vicinity of 0.5 pH units 
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for a concentration difference of 0.010 M. A comparison will later 
be made between this observed order of magnitude and that predicted 
by the osmotic theory of pH effects. 

One further point is of interest, namely, that if, for example, a 
concentration change from 0.110 to 0.100 is equivalent to a pH change 
of approximately 0.5 and if, as is the case, a concentration difference 
in this region of 0.0002 M or a concentration ratio of 0.9998 has a 
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Fic. 3. Effect of pH on osmotic hemolysis. Ordinates represent percentages 
of hemolysis; abscisse, pH values; contour lines, concentrations in mols per liter. 


visible effect upon the observed degree of hemolysis, then a pH change 
of 0.01 should have approximately the same effect. In other words, 
uncontrolled pH differences of more than this magnitude may be ex- 
pected to be a source of error in experimental work. 


IV 


Experiments on the effects of temperature on the observed degree 
of hemolysis are considerably easier to carry out than those of pH be- 
cause a single phosphate buffer system may be ised throughout the 
entire series. It is true that the necessary differences in the degree 
of dilution of the buffer salts in such experiments will produce slight 
pH changes, but the effects of these changes are almost negligible in 
comparison with the large concentration differences involved. 

In the experiment about to be described, which is a typical one 
chosen from several of the same general type, the erythrocytes were 
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those of the cat. The stock salt solution employed consisted of M/, 
NaCl and M/, Na,HPO, in the proportion of 14 to 1, with the pH 
reduced to approximately 7.0 by means of concentrated hydrochloric 
acid so as to give upon dilution a pH in the vicinity of 7.4. A mix- 
ture of this sort was, of course, not exactly equivalent osmotically 
to M/, NaCl, but the difference was not great and, in any case, it was 
relative rather than absolute concentrations which were of importance 
in this experiment. From the stock solution the necessary dilutions 
were made, treating the original solution as M/,. The pH values for 
the various dilutions, as determined with the quinhydrone electrode 
both before and after the addition of the blood, had in previous experi- 
ments been found in all cases to vary only very slightly from a value 
in the vicinity of 7.4. In this connection, it may be mentioned that in 
making progressive dilutions of the stock solution the pH changes fairly 
rapidly at first from its initial value of approximately 7.0, but by the 
time concentrations such as those here employed have been reached, 
at which the pH is in the neighborhood of 7.4, the effect of further 
dilution is slight. 

The blood in the proportion of two carefully measured drops to 50 
cc. was introduced into the solutions, previously prepared and brought 
to the desired temperatures, which in the case of those at 0° C. and 
20° C. were kept constant within 0.1°, and in the case of the others 
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Fic. 4. Effect of temperature on osmotic hemolysis. Ordinates represent 
percentages of hemolysis; abscissez, concentrations in mols per liter and contour 
lines temperatures in ° C. 


within less than 0.5° in water-baths. The solutions were gently and 
continuously stirred throughout the experiment. Determinations of the 
percentages of hemolysis attained were made at the end of one hour. 
This time is not sufficient for the establishment. of complete equilibrium 
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at 0° and 10° C., but the further changes at these temperatures are slight 
and the disadvantages of experiments of longer duration probably out- 
weigh their advantages. 

The results of the experiment are presented in Fig. 4. The per- 
centage of hemolysis is here plotted against concentration, and contour 
lines are used to represent the different temperatures. It will be ob- 
served that for the region of 50 to 75 per cent hemolysis, where the 
erythrocytes are presumably fairly typical and where errors in the meas- 
urements are small, a change in temperature of 10° C. is exactly bal- 
anced by one in concentration from 0.0035 M to 0.0075 M. In other 
words, for the region in question, a concentration difference of 0.001 M 
is roughly equivalent to a temperature difference of the order of magni- 
tude of two degrees. It follows, therefore, that if a visible influence 
upon the observed degree of hemolysis is exerted in this region by a 
concentration change of 0.0002 M, the same result should be obtained 
by a temperature change of less than 0.5°. In the light of this relation, 
it is not surprising that a lack of agreement is frequently found in ex- 
periments carried out at “ room temperature.” 

Reference may here be made to the results obtained by Jarisch 
(1921). From his figures on page 256 it appears that in the case of the 
ox, for example, a concentration of 0.473 per cent NaCl at 40° C. was 
equivalent to one of 0.519 per cent at 15° C. The results for several 
species of mammals are presented graphically on page 257 of the same 
paper. It should be noted, however, that the method employed by 
Jarisch was unsatisfactory in two respects. In the first place, only fifteen 
to twenty minutes were allowed for the attainment of equilibrium and, 
in the second place, no account was taken of anything short of complete 
hemolysis (as judged by the eye). The use of more refined methods 
would almost certainly have given a continuous fall in the curves repre- 
sented on page 257 to 0° C. instead of only to 10° or 15° C. Making 
allowance, however, for these and possibly other differences in technique 
and remembering that the concentrations in the experiments of Jarisch 
are expressed in percentages of NaCl rather than in mols per liter, it 
appears thathis results were of the general order of magnitude of those 
here reported. . 


V 


The effects of oxygenation upon the degree of hemolysis may next 
be briefly described. On the whole, they prove to be much smaller in 
magnitude than those produced by pH and temperature changes—in 
fact, their practical importance as a source of error must be very small 
since most laboratory solutions are in equilibrium with room air, and 
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in such solutions hemoglobin will be almost completely oxygenated. 
Only if ‘a deliberate effort were made to reduce the hemoglobin would 
effects of any important magnitude be expected. 

Several experiments were tried at various times to determine the 
effects of oxygenation at constant pH upon the degree of hemolysis. 
The experiment here reported was a typical one. In it, ox blood was 
placed at 20° C. in a series of different dilutions of the buffered stock 
solution mentioned in Section IV. The degree of hemolysis observed 
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Fic. 5. Effect of oxygenation on osmotic hemolysis. Ordinates represent 
percentages of hemolysis and abscisse concentrations in mols per liter. The 
degree of oxygenation is represented as follows: open circles, complete reduction ; 
solid circles, equilibrium with room air; squares, complete oxygenation. 


at the various dilutions is represented by the solid circles in Fig. 5. 
After this preliminary standardization, two lots of 50 cc. each of the 
0.085 M, 0.0875 M and 0.090 M dilutions were placed in separate vessels 
through which oxygen and hydrogen, respectively, were bubbled for 
ten minutes. At the end of this time two accurately measured drops 
of blood which had previously been introduced into the vessels but not 
mixed with the liquid were submerged in the oxygen-rich and oxygen- 
poor solutions. The gases were allowed to bubble slowly through the 
resulting suspensions for an hour, and then determinations of the degree 
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of hemolysis were made in the usual way. The pH of the various 
solutions did not vary beyond the limits of error of the quinhydrone 
electrode determinations. The hydrogen used contained approximately 
0.05 per cent of oxygen, so reduction of the hemoglobin was probably 
almost but not quite complete. 

The degrees of hemolysis obtained under the different conditions are 
represented in Fig. 5 by the open circles for the reduced and by squares 
for the oxygenated blood. From the figure it is apparent that the max- 
imum difference obtainable under these conditions is equivalent to one 
in concentration of approximately 0.0016 M. Otherwise expressed, by 
reduction of the hemoglobin the degree of hemolysis at the concentra- 
tions in question is increased by about five to eight per cent. Neither 
in this experiment nor in other similar ones were significant differences 
observed between the effects of room air and those of pure oxygen, 
which is what would be expected from the known character of the 
oxygen dissociation curve of hemoglobin. 


VI 


In the three sections immediately preceding this one there have 
been described and measured in terms of equivalent concentration 
changes the effects upon osmotic hemolysis of variations in pH, temper- 


ature, and oxygen tension. It remains to determine whether the mag- 
nitude of these effects is such as can be accounted for wholly or chiefly 
by osmotic differences within the cell resulting from changes in the 
base-binding powers of the hemoglobin. Van Slyke, Wu and McLean 
(1923) have treated at length from this point of view the effects of pH 
and, to some extent, those of oxygen tension upon the related problem 
of cell volume, but their equations apply to the more complicated situa- 
tion where the cells are suspended in a relatively small volume of a 
protein-containing solution (serum) whose composition varies with that 
of the cells. We are concerned here with the simpler case, to which 
these equations are not directly applicable, of cells suspended in a 
protein-free salt solution whose volume is so great that its composition 
may for practical purposes be considered to be constant. It will be 
necessary, therefore, following in part the method of Van Slyke, to 
derive an equation applicable to this type of system by which the theo- 
retical volume changes associated with changes in the base-binding 
powers of the hemoglobin may be estimated. 

The substances of which account must be taken in the derivation 
of the equation are the cations of the system (chiefly K° and Na°) to- 
gether designated as B (base), and the anions exclusive of Hb’ (chiefly 
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Cl’ and HCO,') together designated as A’, hemoglobin ions Hb’ and 
hemoglobin uncombined with base, together designated as Hb and base 
bound by hemoglobin, designated as BHb. The question of the degree 
of oxygenation of the hemoglobin need not be raised until later. Fol- 
lowing Van Slyke, the symbols (B)-, (A)c, (B)s, (A4)s, etc. will be 
used to refer to the amounts of B and A in the cells and solution, respec- 
tively, in a given quantity of the suspension and [B]., [-4]c, [B]s, [A]s, 
etc. to the corresponding concentrations expressed per unit amounts of 
water rather than per unit volume of solution, i.c., [B]-== (B)-/(H.O)-e. 
Van Slyke uses as his units the amounts of the substances other than 
water in milli-equivalents and of water in kilograms for one kilogram 
of blood. The resulting concentrations are therefore expressed in milli- 
equivalents per kilogram of water. In the present treatment, where 
relative results only are desired, the particular units employed are of 
no consequence as long as they are used consistently throughout. 

With regard to the measurement of quantities and concentrations 
of hemoglobin, Van Slyke, in the absence of definite knowledge at the 
time his work was done of the molecular weight of this substance, used 
as an equivalent of hemoglobin the amount that combines with one mol 
of oxygen. This assumption leads to calculated osmotic pressures for 
hemoglobin which, in the light of our present knowledge, are probably 
too high. However, according to the equation given by Adair (1925, 
page 533), it would appear that the discrepancy is certainly much less 
than it would be if the true molecular weight of hemoglobin could be 
employed in the usual way for calculating the osmotic pressure of con- 
centrated solutions. In view of this fact, and in the absence of any 
very definite knowledge concerning the exact contribution, which in 
any case is relatively small, of hemoglobin to the total osmotic pressure 
within the erythrocyte, we may without serious error continue to employ 
Van Slyke’s convenient assumption, particularly in a case like the present 
one where comparative results only are desired. 

In order that osmotic equality inside and outside of the cell may 
exist, which is known to be the case with the erythrocyte, whose delicate 
wall is incapable of supporting in either direction an excess of osmotic 
pressure, the following relation must hold between the concentrations 
of the various osmotically significant substances : 


[Ble + [A]e + [Hb]e=[B]e+ [Ale 
or otherwise expressed, 


(B)e+ (A)o+ (Hb), 
(H,O). 
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Since the cell is impermeable to hemoglobin and to base but perme- 
able to water, (Hb). and (B)- will remain constant, while [Hb]. and 
[B|_ will tend to vary. Indeed, the values of the latter quantities may 
be used as a measure of the volume of the “liquid” portion of the cell 
and indirectly of that of the cell as a whole, provided that information 
is available concerning the bulk of the “non-liquid” materials. The 
erythrocyte is known to be permeable to the osmotically important 
anions, so neither (A), nor [A], will be fixed but will in general vary 
in such a way that the Donnan ratio, [4]-/[A]s, will have the value 
determined by the other properties of the system. (The use of con- 
centrations in place of activities introduces no great error; for the justi- 
fication for assuming complete dissociation of the various salts involved 

Van Slyke, Wu and McLean (1923)—may be consulted.) 

If now in equation (2), (B),.— (BHb)- be substituted for (.4)., 
2(A), be substituted for (B),-+ (A). and the terms be suitably re- 
arranged we obtain: 


(H,O),. ose 2(A)s (3) 
(H,0O), 2(B).-—(BHb).+ (HAb),.’ 


Similarly, by substituting in equation (2) (4)--+ (BHb), for (B)., 
2(A), for (B),+ (A)s, and rearranging, we have: 


2(A),  2(A)e , (BHb)e+ (Hb)e 
0). to). ~—SCS).S (4) 


Dividing both sides of equation (4) by 2(A),/(H,O)., substituting 
the value of (H,O);/(H,O)- from equation (3) and remembering the 
definitions of [A], and [A], and of the Donnan ratio, r, we have finally : 


(BHb). + (Hb). 5) 
~ 2(B)e— (BHb). + (Hb).’ (5) 


Up to this point Van Slyke, Wu and McLean have been followed in 
principle, and equation (5) is the same as their equation (14) except 
that (BP)., the base bound by the protein in the solution, is here zero, 
there being no protein present in the solution. The base bound by 
protein in the cell is also here designated as (BHb), instead of as 
(BP)... Beyond this point a somewhat different treatment of the 
problem has been found convenient. 

If under any given conditions of pH, temperature and oxygenation, 
the amount of base bound by unit amount of hemoglobin be repre- 
sented by F, we may write F(Hb) instead of (BHb) and equation 
(5) becomes: 


r=] 


(Hb). (1+ F) 
— 2(B). + (Hb)e A—F)- (6) 


pon] 
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Substituting in equation (1) r[A],. for [A]- and F[Hb], for [BHb]. 
we obtain: 


2A], (1—r 
[Hb]. = 4p Ca) (7) 


Introducing into (7) the value of r from (6): 


2{A]. (Hb). 


[Hb]. ~ 2(B)e + (Hb). (1—F)’ (8) 


As mentioned above, the concentration of hemoglobin [Hb] is de- 
termined by the amount of water in some given quantity of cells, so 
that 1/[Hb] kW, where W is the water in one cell and & is a con- 
stant whose value need not be determined since it will subsequently be 
eliminated. Representing the ratio (B),/(Hb)- by R and substituting 
C, the concentration of the salt in the external solution, for [A]s, we 
obtain from equation (8) : 

aie — pw — RIF (9) 
| Hb| 2C 
If C is kept constant, it can be seen that the theoretical effect on the 
amount of water in a single cell caused by a change of pH, temperature, 
or oxygen tension will be governed by the extremely simple relation: 


W, 2R+1—F, 

ww. m+t—F,’ 
where //”, and WW’, are the amounts of water in the cell and F, and F, 
are the amounts of base bound by a unit amount of hemoglobin under 
any two chosen conditions, R as defined above representing the ratio 
of base to hemoglobin within a single cell or any given quantity of 
cells. If, on the other hand, F is kept constant and C is varied, we 
have the usual osmotic equation, 


(10) 


(11) 


(F is actually not entirely independent of C, but for the small concen- 
tration differences here involved it may be considered to be.) 


Vil 
It is now possible to determine whether or not the observed effects 
on osmotic hemolysis of the factors pH, temperature, and oxygen ten- 
sion are of the order of magnitude of those predicted by the simple 
theory developed in the preceding section. A convenient method for 
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making the comparison is to convert equation (9) into the following 
form: 
, 2 call P 
W = 2k + 1—F, . Cy (12) 
W, 2R+1—F, C, 


C and F have here both been allowed to vary simultaneously, it being 
assumed that these variables are independent of one another, which 
under the conditions in question is approximately true. 

Two observed points on a line of equal hemolysis are now chosen. 
By the osmotic theory equal percentages of hemolysis indicate the 
entrance into the cells of equal quantities of water, i.c., under these 
conditions W,—=W,, and the resulting value of the right-hand side of 
equation (12) should be unity. If, therefore, on substituting in equa- 
tion (12) the appropriate numerical values of C and F for the two 
chosen points together with the proper value of R for the blood in 
question, the expression becomes equal to, or nearly equal to one, the 
observed results may be said to be in agreement with the theory. Any 
considerable departure from this value, on the other hand, will indicate 
inadequacy of the theory. 

Concerning the values of C there is no difficulty. The necessary 
values of R and F, however, cannot at present be obtained with the 
same degree of certainty, since the work here reported was done on 
the blood of two species, the ox and the cat, for which exact data con- 
cerning these quantities are apparently not yet available. Indeed, even 
if such data had been published, it is not likely that different animals 
of the same species would fail to show some individual differences. 
In view of the fact, however, that various simplifying assumptions 
have been made in the derivation of the equations, which at best are 
only approximate, and the further fact that, as far as is known, the 
bloods of different mammals resemble one another fairly closely, it 
would seem to be permissible to take from the literature such data as 
are at present available, expecting no more than that the calculated and 
observed results may perhaps prove to be of the same order of mag- 
nitude. 

With regard to R, in the absence of any more definite information 
concerning the bloods actually used, we may take as a plausible value 
that given for the horse by equation (15) of Van Slyke, Wu and 
McLean (1923), namely, 6.0. This value will be used in all of our 
calculations. 

Before the magnitude of the theoretical pH effects can be estimated, 
it must be noted that the pH values used in the calculations of the base- 


binding power of hemoglobin are those of the interior of the cell, while 
8 
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those actually observed in the hemolysis experiments are those of the 
solution. The relation between the two by the Donnan principle is: 


pH cell — pH solution — log r, 


where r can be obtained by means of equation (6), preferably first 
converted to the simpler form: 


os 1+F 
Eide iap 


To avoid the mathematical difficulties involved in attempting to de- 
termine pH cell from pH solution, it is convenient to work in the op- 
posite direction, assuming a number of values of pH cell and calculating 
the corresponding values of pH solution. These latter values may then 
be plotted and a smooth curve drawn through them from which the 
desired values of pH cell may readily be obtained for any observed 


value of pH solution. In the calculations which follow this has been 
done. 


Fairly extensive data for the calculation of pH effects are available 
for the blood of the horse at 38° C. Temporarily disregarding the dif- 
ference in temperature, we may use for the calculation of F the equation 
given on page 152 of the paper by Hastings, Van Slyke, Neill, Heidel- 
berger and Harington (1924) with the substitution of the necessary 


constants from Table XXIII for horse hemoglobin with a cation con- 
centration of 145 mM. 

Referring now to Fig. 3, we may choose any two points such as 
A and B which represent the same degree of hemolysis, for example, 
75 per cent at pH 8.0 and pH 7.0 respectively. These particular points 
have been selected in order to keep within the range actually studied 
by Warburg (1922) and by Van Slyke, Wu and McLean (1923) and 
at the same time to take advantage of the region where our method 
of measuring hemolysis (Jacobs, 1930) is most accurate. The concen- 
trations represented are 0.107 M and 0.079 M respectively. Remem- 
bering that the values of cell pH corresponding to solution values of 7.0 
and 8.0 are 6.92 and 7.75, and assuming complete oxygenation of the 
hemoglobin at the tension of room air, we obtain by calculation F 7.0 = 
0.97 and F 8.0 = 3.34. Substituting these various values, together with 
that of R in equation (12) we have finally 


Wa 124+1—3.34 0.107 


I i ee oe OD 
We 12+1—097 0.079 


The agreement between observation and theory is therefore seen 
to be fairly close. It may be noted that while the closeness of this 
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agreement will vary somewhat with the positions of the selected points, 
A and B, owing perhaps to the influence of unknown factors of sec- 
ondary importance, the points actually chosen are by no means the most 
favorable that could have been selected for the theory. Furthermore, 
over a considerable range of pH and concentration, the observed and 
predicted results are at least of the same order of magnitude. This, 
under the circumstances, is all that reasonably can be expected. 

The calculation just made involves a temperature differing consid- 
erably from the one at which the observations were made. It is not 
likely, however, if direct observations on the value of F at 20° C. 
were available, that their use would greatly change the ratio in question. 
According to Stadie and Martin (1924), the effect of temperature on 
the base-binding power of hemoglobin is exerted not upon the buffer 
value of the hemoglobin but only upon its isoelectric point. In other 
words, in the equation for reduced hemoglobin 


[BHb] = Br[|Hb| (pH—pl); 


a change of temperature causes a change in pI but not in Br. Condi- 
tions for oxygenated hemoglobin are similar, though there is a very 
slight departure within the range in question from a simple linear rela- 
tionship. Under these circumstances, in correcting our calculations so 
as to make them apply to 20° C., both numerator and denominator of 
the fraction: 

2R+1—F, 

2R+1—F, 


will be changed in such a way that the value of the fraction itself is 
little altered. In other words, it appears to be approximately though 
not exactly true that a given pH change produces the same relative 
volume change at different temperatures. 

The question last considered anticipates to some extent the dis- 
cussion of the effects upon hemolysis of temperature changes at con- 
stant pH. For data upon the base-binding powers of hemoglobin at 
different temperatures we have used Fig. 1 of the paper by Stadie 
and Martin to which reference has already been made. Since the tem- 
peratures are here 38° C. and 15° C. we have selected as our own 
points for comparison A and B in Fig. 4 representing these two tem- 
peratures and a degree of hemolysis of 60 per cent. This percentage 
Is as near to the region of the greatest accuracy of our instrument as 
the rather small amounts of blood used in this experiment permitted 
us to go. The concentration values are 0.081 M and 0.092 M, re- 
spectively. Since the relation between the pH of the cell and that of 
the surrounding medium is almost the same at a solution pH of 7.4, 
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which is that which we employed, and a blood pH of the same value, 
we have taken our figures directly from the graphs of Stadie and Martin 
without further calculations. 

Considering first the figures for reduced blood, which are based 
upon actual observations, we find F 38° = 2.6 and F 15°=1.0. Sub- 
stituting in equation (12), we have 


Wa 12+1—26 0.092 

Wp 12+1—10 0.081 
If, instead of the observed figures for reduced blood, we take the cal- 
culated ones for oxygenated blood, we have 

Wa 124132 0092 _ jog 

Wp 12+1—16 0.081 

Finally, we may use the theoretical effect upon pl calculated by 

Stadie and Martin from the heat of ionization of hemoglobin. They 
estimate that a change from 38° to 20° causes a change of pl for re- 
duced blood of approximately 0.3 in the alkaline direction. Taking, 
therefore, values of pI of 6.8 and 7.1 for the two temperatures in 
question, and one of 2.8 for Br we have for F, i.e., for [BHb]/[Hb], 
F 38° -= 1.68 and F 20° =0.84. The concentrations for 60 per cent 
hemolysis for these two temperatures taken from our own data are 
0.081 M and 0.089 M, respectively. Substituting these values as be- 
fore in equation (12) we have 


Wa 124+1—1.68 _ 0.089 
We  12+1—084 0.081 


0.98. 


1.02. 


This calculation, strictly speaking, applies only to reduced hemoglobin, 
but the results would not be very different under conditions of partial 
or complete oxygenation. 


Finally, the factor of oxygenation at constant temperature and pH 
may be considered. Our own results upon hemolysis indicate a com- 
paratively small osmotic effect of this factor. For the calculated effect 
at 38° the equation of Hastings, Van Slyke, Neill, Heidelberger and 
Harington (1924) already referred to may be used. As mentioned 
above, the difference in temperature in the two cases, while unfortunate, 
may be expected to have only a minor effect on the calculated result. 
At the pH of our experiment, namely 7.36, corresponding to an intra- 
cellular pH of 7.23 we find F, 1.90 and Fr = 1.22. For points A 
and B in Fig. 5, which are typical, the concentrations are 0.0862 M and 
0.0875 M. Substituting these various values in equation (12) we 
obtain : 


Wa 12+1—1.90 0.0875 
ceil uedaandagencomnatianr «meuniere OSE, 
Ws 12+1—1.22 0.0862 
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Otherwise expressed, the value of the water ratio W,/Wr cal- 
culated from the theoretical base-binding power of the hemoglobin is 
0.94; that calculated from the observed equivalent concentration differ- 
ence is 0.98. These values are of the same order of magnitude and 
both suggest the likelihood of much smaller errors in experimental work 
from neglect of the factor of oxygenation than of either of the others 
considered. 

From the calculations which have been given concerning the theo- 
retical osmotic effects of changes of pH, temperature and oxygenation, 
it is apparent that the predicted results are at least of the order of 
magnitude of those actually observed. The agreement is better in some 
parts of the range of the variables considered than in others and is 
nowhere perfect, as might be expected considering the various simoli- 
fying assumptions made in the derivation of our equations, and the 
necessity for using data obtained for other species of animals under 
dissimilar conditions. The existence of factors other than the purely 
osmotic ones is by no means excluded by our experiments; indeed it 
appears to be likely. We believe, however, that such factors are prob- 
ably of secondary importance and that until the possibilities of the os- 
motic principles here discussed have been exhausted by calculations in- 
volving the use of more accurate data than are now available it will be 
unprofitable to indulge in speculations concerning little-understood “ col- 
loidal properties ” of the cell and its constituents. 


Vill 


It has been shown that the influence upon hemolysis of the factors 
pH, temperature and oxygen can be at least largely accounted for by 
the osmotic effects which they produce through changes in the base- 
binding power of the hemoglobin. The question arises why the erythro- 
cyte appears to stand alone in its sensitiveness to such factors. Hemo- 
globin is not a unique substance in its ability to bind base, nor in the 
effect upon its base-binding power of at least the factors pH and tem- 
perature. The proteins of all cells share with it these properties and 
yet within physiological limits other cells appear to be only slightly 
affected by the factors in question. Indeed, in the case of pH effects, 
Lucké and McCutcheon (1926) over a very wide range of reactions 
were unable to obtain unmistakable evidence of volume changes in the 
case of uninjured cells. 

It is perhaps not possible in the present state of our knowledge of 
cells other than the erythrocyte to give a complete explanation of these 
differences, but attention may be called to a number of significant facts. 
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In the first place, even if a cell such as the Arbacia egg were freely 
permeable to anions and not to cations as is the erythrocyte—which is 
probably not the case—equation (10) would suggest a reason for a 
lesser liability of the former type of cell to volume changes. Other 
things being equal, the larger the value of R in this equation the less 
will be the effect upon the ratio W,/W, of a given change in F. Now 
the value of R for the Arbacia egg is probably several times as large 
as that for the erythrocyte. We have little information about the con- 
centration of its cell proteins as compared with that of hemoglobin in 
the erythrocyte, but it is almost certainly lower; the concentration of 
base, on the other hand, must be, roughly, three times as great, since 
the isotonic NaCl solution for the Arbacia egg is approximately M/2 
as compared with M/6 for the erythrocyte. A value of R five times 
as great for the Arbacia egg as for the erythrocyte would therefore 
not be beyond the bounds of probability. Furthermore, the change in 
F with change of pH depends upon the buffer value of the protein 
in question as defined by Van Slyke (1922). Now the buffer value 
of hemoglobin is approximately three times as high as that of some of 
the commonest proteins such as albumins and globulins (Hastings, Van 
Slyke, Neill, Heidelberger and Harington, 1924). The absolute values 
of F, of course, are also of importance, but they cannot as yet be 
compared very accurately for the two types of cells. In any case, other 
things being equal, the high buffer value of hemoglobin tends to favor 
the production of large osmotic effects by pH changes. 

In the second place, it seems almost certain that external changes 
in pH have far less effect upon the internal pH of a cell such as the 
Arbacia egg than of the erythrocyte. In the latter the simple Donnan 
principle: pH internat — pHexternal == log r, governs the relation between 
internal and external reaction, however the latter may be produced. At 
ordinary reactions the difference is not usually greater than 0.2 pH units. 
On the other hand, in the eggs of Asterias and Echinarachnius, which 
are probably very similar to that of Arbacia, the internal pH is not 
only normally very different from that of the surrounding sea water, 
e.g., 6.8 as compared with 8.1 (Chambers, 1928), but is relatively in- 
dependent of the pH of the latter. Only freely penetrating acids, such 
as carbonic, butyric, etc., or freely penetrating alkalies, such as am- 
monia, are able, without injury to the cell, to cause visible changes in 
the appearance of intracellular indicators or to affect the cleavage process 
in a decided manner. According to Chambers (1928), even acids and 
alkalies of the naturally penetrating type in moderate quantities do not 
noticeably change the reaction of uninjured protoplasm but affect only 
certain cell inclusions. On the whole, therefore, the opportunities for 
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producing intracellular pH changes which alone could cause the type 
of changes described by equation (10) are very slight as compared with 
those existing in the case of the erythrocyte, and it is not surprising 
that the latter cell responds to such changes in a more or less unique 
manner. 

Less is known about the effects of temperature than of pH on cells 
other than the erythrocyte. Obviously, however, the situation is very 
much more complicated in cells with a high rate of metabolism and a 
great variety of physiological activities than in the relatively simple 
erythrocyte. It would be expected, therefore, that in ordinary cells 
the effects predictable from equation (10) would be modified and ob- 
scured by others of a different nature. As far as it is legitimate to 
apply this equation, however, the remarks already made about the mag- 
nitudes of R and of F would hold in this case also. As for oxygen, 
the reasons for the unique behavior of the erythrocyte are so obvious 
that they require no special discussion. 


IX 


It appears from the foregoing discussion that the erythrocyte is a 
more or less unique type of cell. Its nature is such that apparently 
insignificant changes in environmental factors such as pH and tem- 


perature produce within it osmotic effects of a magnitude sufficiently 
great to be absolutely fatal to the securing of reproducible results by a 
method as sensitive as that of hemolysis. 

It is now possible to appreciate the difficulties that have attended 
all work upon osmotic and perhaps, to a lesser extent, other types of 
hemolysis where the factors in question have been neither measured 
nor controlled. If it be true, as appears to be the case, that pH changes 
of 0.01 pH unit and temperature changes of 0.5° C. can produce meas- 
urable osmotic effects, what is to be said of the numerous papers which 
have been published upon the “ fragility” of the erythrocytes under 
almost all conceivable normal and pathological conditions, in which in 
the absence of any information whatever concerning these factors an 
uncertainty of as much as 2.0 pH units and 10° C. or more may exist, 
and in which, in addition, there is frequently no assurance that the 
experiments have been sufficiently long continued to secure approximate 
equilibrium? It is disheartening to be forced to believe that a large 
part of the work in this much cultivated field is of very doubtful value, 
but there seems to be no escape from such a conclusion. The erythro- 
cyte being what it is, attempts to use it for comparative osmotic studies 
without controlling especially the factors pH and temperature, and to 
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a lesser extent oxygen tension, are scientifically in the same category 
with attempts to study volumes of gases without accurate regulation 
of temperature and pressure. 

In conclusion, a point mentioned in the first paper of this series 
may again be emphasized. The erythrocyte is not in itself a highly 
unreliable and capricious form of material, as it is frequently believed 
to be. Such capriciousness as it may appear to possess is merely a 
reflection of the carelessness of the experimenter or of his lack of 
understanding of its true physiological nature. When used uncritically 
merely as so much “ material” for experiments in the field of General 
Physiology, the erythrocyte is likely to be a source of much vexation 
to the experimenter. When treated in a manner appropriate to a highly 
specialized cell with unique functions and physiological properties, con- 
cerning which more exact information is already available than is the 
case with perhaps any other single type of cell, it is capable of yielding 
results of an extremely satisfactory character. 


SUMMARY 


1. By the method of osmotic hemolysis an attempt has been made 
to evaluate the indirect osmotic effects upon mammalian erythrocytes 
of changes in the pH, temperature, and oxygen tension of the surround- 
ing medium. 

2. The observed effects of these three factors, within the range con- 
sidered, are of the order of magnitude of those predicted by the equation : 


W, 2R+1—F, 


W, mh+i—F, 
where WW’, and W, are the amounts of water contained in an erythrocyte 
under two given conditions, F, and F, are the amounts of base bound 
by one equivalent of hemoglobin under the same conditions, C, and C, 
are the concentrations of the solutions in question and R is the ratio of 
base to hemoglobin within the cell. It is probable that the effects of 
the factors studied are primarily osmotic in nature, though smaller 
effects of a different sort are by no means excluded. 

3. Certain differences between the osmotic behavior of the erythro- 
cyte and that of other cells are discussed. 

4. It is shown that pH changes of as little as 0.01 pH unit and 
temperature changes of as little as 0.5° C. may have a measurable effect 
upon the observed degree of hemolysis. It follows, therefore, that 
“ fragility ” tests and other osmotic studies upon erythrocytes in which 
these factors are not properly controlled are of little value. 


Se 
m 
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THE PIGMENT OF VELELLA SPIRANS AND 
FIONA MARINA 


BENJAMIN KROPP? 


STAZIONE ZOOLOGICA, NAPLES 


I 


The siphonophore, V elella spirans Esch. occurs in enormous numbers 
i during the months of March and April in the Mediterranean and ad- 
jacent seas. Especially after two or three days of the sirocco, the en- 
ervating tropical wind from the south and southeast, these beautiful 
animals often appear in thousands. There are records of their being 
at cast up on the beaches of Sicily in such large numbers as to form a 
broad blue line hundreds of yards in length. The animal consists of 
a flat ovoid plate of chitin surmounted by a triangular “ sail” set per- 
pendicularly to the plate and obliquely to its longest axis. The plate 
is usually 6 to 10 cm. long and 3 to 6 cm. wide. The sail rises about 
two cm. above the surface of the plate. Like all other members of 
the order, Velella is free-swimming and is carried by wind and current. 
Velella is striking because of its color, 





a very deep blue. The 
pigment is present in varying amounts in all cells of the ectoderm, endo- 
derm and mesoglea on both oral and aboral surfaces of the disc. It is 
especially dense in the tissues immediately surrounding the pneumato- 
phore on the aboral side, but in the blastostyles, dactylozooids and sail 
the pigment is more diffuse and imparts a pale blue color to those organs. 

Associated with Velella are relatively large numbers of two molluscs, 
: —the nudibranch Fiona marina Forsk., and the prosobranch Janthina 
communis Lam. Each of these species may be found by itself, but the 
presence of Velella invariably means the presence, in greater or less 


4 degree, of these two molluscs also. Both Fiona and Janthina were 
found feeding on Velella, and the eggs of each were found on partly 
devoured animals or on their chitinous skeletons. Fiona creeps readily 
at the surface inverted, but in a Velella swarm it is most often found 
; clinging to the oral or aboral surface of the siphonophore and occa- 


sionally to the sail. Here it feeds on the soft tissues, beginning at the 
periphery usually, and abandoning the skeleton when all else has been 
eaten. When removed from Velella, Fiona is deep blue and its color 








1 Parker Fellow in Zodlogy, Harvard University. 
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is indistinguishable from that of Velella. Only the dorsal papillz and 
the head contain the blue pigment, the ventral surfaces being in general 
whitish or pale yellow. The attempt was made to determine the re- 
lationship between the body color of Fiona and its feeding habits. 

In the laboratory the nudibranchs were removed from Velella and 
when starved, or fed on fish scraps, they rapidly lost the blue color. 
It was not possible to retain them alive until all the pigment had disap- 
peared, but the-loss of color was very pronounced after three days. 
When such animals were again permitted to feed on Velella, the deep 
blue color reappeared in the dorsal papille two to four hours after 
feeding began. The pigment was distributed through all the cells of 
those structures. On removing the nudibranch and starving it again, 
the color tended to disappear once more. Individuals, on being re- 
peatedly starved and fed on Velella, showed the characteristic variation 
between light blue and the metallic blue of the food. In animals fed 
on colorless fish scraps for four days or more the color became very 
light blue or yellowish. Fione that were allowed to feed only on V’elella 
retained their dense blue pigmentation. 

Fragments of blue Velella tissue were found in the digestive tracts 
of all Fione examined immediately after feeding on Velella. In all 
cases the walls of the tract were impregnated with the same color. In 
these nudibranchs ramifications of the stomach and liver extend into 
the dorsal papillz, and indeed food fragments of the same nature as 
those found in other parts of the tract were to be recognized in the 
lumina of the dorsal papilla. There is no doubt, therefore, that the 
blue color of these Fione is derived directly from Velella. The pig- 
ment passes through the digestive tract and into the dorsal papille un- 
changed and thus imparts the characteristic blue color to the latter 
organs. Fiona has also been found on floating seaweed and debris. 
At low tide it may also be discovered under stones, where it feeds on 
small jelly-fishes and crustaceans. Unfortunately, it was not possible 
to obtain animals from these habitats for comparison. No function 
, can be ascribed to the pigment in Fiona. 

There is present in Janthina a violet-blue pigment quite unlike that 
in Velella and Fiona in general appearance, distribution and chemical 
nature. But since it fed on Velella in much the same way that Fiona 
did, Janthina was also investigated in the manner described above. 
Feeding, with materials other than blue Velella tissue, had no effect on 
the abundance or intensity of the Janthina pigment. Nor did similar 
periods of starvation effect any noticeable change in the pigment. In 
brief, the pigment of Janthina is not related specifically to its food as 
seems to be the case with Fiona. 








aD oe oe ee Oh ee ee ee ee 


oe 


= 


122 BENJAMIN KROPP 


II 


The determination of the chemical nature of the Velella pigment 
has been attempted several times. Lankester (1873) regarded it as 
probably identical with that of other Hydrozoa, but this view is no 
longer acceptable. A. and G. de Negri (1877) distinguished the pig- 
ment of I’. limbosa spectroscopically from that of Murex and Aplysia 
by the absence of characteristic absorption bands. More recently 
Haurowitz and Waelsch (1926), in the course of a chemical analysis 
of the entire animal, examined the fresh animals spectroscopically and 
found diffuse absorption in the red and violet, but no sharp absorption 
bands. 

The fresh tissues of . spirans, when macerated in sea water and 
allowed to stand for four to six hours, yield a solution that closely 
approximates in intensity of color the blue of the living animal. The 
pigment may also be extracted in distilled water, though in this case 
only a portion of the contained pigment will appear in solution, These 
solutions, especially that in distilled water, show a reddish opalescence 
in reflected light. Near the neutral point it turns yellow, and suc- 
cessively pink and reddish-brown as it becomes increasingly acid. The 
pigment is not light-sensitive,—solutions kept in full or diffuse daylight 
for several days respond precisely as those kept in the dark. On ex- 
posure to air, the solution becomes acid with corresponding changes 
in color. On drying in air or in a dessicator, a reddish-brown, flaky, 
or amorphous crystalline mass results. This is soluble with difficulty 
in distilled water and does not yield the original blue color on increasing 
the pH to its value in the intact animal. Warming, or treating with 
alcohol, produces a flocculent white precipitate which is insoluble in 
water but soluble in alcohol and ether. The filtrate is red. Alkalis 
turn the solution blue-violet. Acids and boiling turn the solution red 
with the production of a flaky white or yellow coagulum, the latter 
being easily digested by pepsin. Excess of NaOH gives a violet color. 

It was possible to make only some preliminary spectroscopic ex- 
aminations of this pigment. The number of animals available was 
small, and it is necessary to use freshly prepared extracts, since under 
laboratory conditions they decompose rapidly by bacterial action. At 
22° C. solutions retained their color for four days. Distilled water 
solutions showed diffuse absorption in the red,—A = 655yy—685py, and 
blue-violet A == 425pp—475yu. The bands were not sharply demarked. 
This agrees with the findings of Haurowitz and Waelsch noted above. 
There was reason to suspect, of course, that the blue color of Fione 
which had been fed on Velella was chemically identical with the color 
of the latter. The blue dorsal papillz of Velella-fed Fione were, there- 
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fore, extracted in the manner described above. These extracts, in both 
sea water and distilled water, reacted in precisely the same way and 
showed all the properties of Velella pigment solutions. 

Several descriptions of animal pigments exist, none of which, how- 
ever, corresponds in all details with the properties of the Velella and 
Fiona pigment. Apparently there is here present a protein combination 
upon which the blue color depends, but there is as yet no data as to 
its nature. 
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THE SEX RATIO IN THE DOMESTIC FOWL IN RELATION 
TO ANTECEDENT EGG PRODUCTION 
AND INBREEDING 


MORLEY A. JULL 


(From the Bureau of Animal Industry, U. S. Department of Agriculture) 


A study of factors effecting a variation in the normal sex ratio of 
the domestic fowl should have an important bearing on the practical 
aspects of the poultry industry and on current theoretical questions 
concerning sex determination. During recent years considerable 
progress has been made in ascertaining the normal sex ratio of the 
domestic fowl, but this does not necessarily imply an increased ability 
to control sex. The term ‘‘sex determination’’ has reference to the 
causes which lead to the production of an individual of one or the other 
sex, whereas the term ‘‘sex control’’ is understood to imply that the 
causes which determine sex are more or less amenable to human 
control. 

FACTORS THAT DO NOT AFFECT THE SEX RATIO 
A number of observations have been made concerning factors which 
do not affect the sex ratio. That prenatal mortality does not affect 
the sex ratio has been determined by Thomsen (1911), Pearl (1917a), 
Crew and Huxley (1923), Jull (1924), Lambert and Knox (1926), 
Horn (1927), and Lambert and Curtis (1929). 

That large eggs tend to produce male chicks and small eggs female 
chicks was the observation of Lienhart (1919), but the observations of 
Jull (1924) and Jull and Quinn (1924, 1925) show quite definitely that 
egg weight bears no relation to sex ratio. Jull and Quinn (1925) found 
no significant difference between the weights of male and female chicks 
at hatching time, and Jull and Heywang (1930) found that the per- 
centage chick weight of initial egg weight is independent of the sex 
of the chick. Jull and Quinn (1924) also found that there is no 
relationship between the absolute length of the egg and the sex of the 
chick hatched from it nor between the relative length or shape of 
the egg and the sex of the chick hatched from it. 

Jull (1924) showed that there is no relationship between yolk 
weight of egg and sex nor between yolk water content of egg and sex, 
and Jull and Heywang (1930) found that the percentage yolk weight 
of chick weight at hatching time is independent of the sex of the 
chick. 
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Lambert and Curtis (1929) and Christie and Wreidt (1930) ob- 
served no significant differences among sex ratios of families of hens 
of different ages. 


ANTECEDENT EGG PRODUCTION AND THE SEX RATIO 


The results secured by Pearl (19175), Crew and Huxley (1923) and 
Jull (1922 and 1924) show that the greater the egg production prior 
to the hatching season the lower the sex ratio, although the results of 
Mussehl (1924), Lambert and Curtis (1929), Callenbach (1929), and 
Christie and Wreidt (1930) do not confirm these observations since 
they found no relationship between antecedent egg production and 
sex ratio. 

The possibility of the sex ratio decreasing as antecedent egg pro- 
duction is increased is important from the practical standpoint because 
the continuous selection of high producing hens to be used as breeders 
each year should tend to give a high proportion of pullets. This is 
desirable from the economic standpoint since the major receipts in 
poultry husbandry are obtained from egg production. In order to 
secure further evidence on the relationship between antecedent egg 
production and sex ratio, the sex ratios were determined of families 
of ten or more chicks per family produced during the normal hatching 
season in 1925, 1926, 1927, and 1928 in flocks of Barred Plymouth 
Rock, Rhode Island Red, and White Leghorn yearling hens at the U. S. 
Animal Husbandry Experiment Farm, Beltsville, Maryland. The 
breeding females producing the families were divided into three classes 
of antecedent egg production, 0-29 eggs, 30-59 eggs, and 60-89 eggs 
laid prior to the hatching season from the beginning of the second 
year record in the case of each hen. The results are shown in Table I. 


TABLE I 


The Sex Ratio in Relation to Antecedent Egg Production in the Domestic Fowl 


Antecedent Egg Production Classes 
Breed 





0-29 eggs 30-59 eggs 60-89 eggs 








Barred Plymouth Rock 50.66+1.50 50.00+2.47 — 
Rhode Island Red. . 51.76+0.67 51.96+1.04 52.35 +3.37 
White Leghorns 47.41+0.79 49.18+0.75 51.73 1.65 





The data in Table I show that in the case of all three breeds there 
is no relationship between antecedent egg production and sex ratio. 
These results, therefore, are in conformity with those secured by 
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Mussehl (1924), Lambert and Curtis (1929), Callenbach (1929), and 
Christie and Wreidt (1930), and support the evidence tending to show 
that there is no relationship between sex ratio and antecedent egg 
production. 

It is true that the observations of Jull (1924) were based on the 
annual egg production records of Barred Plymouth Rock pullets 
mated to Brown Leghorn cockerels, whereas the data given in Table I 
are based on yearling females mated to cockerels of the same breed. 
At the same time, it has already been observed that Lambert and 
Curtis (1929), and Christie and Wreidt (1930) observed no significant 
differences among sex ratios of the families of hens of different ages. 
Furthermore, Christie and Wreidt (1930) used a sex-linked back cross, 
F,, males from a mating of a Black Minorca male with Barred 
Plymouth Rock females mated to Black Minorca pullets, and found no 
correlation between antecedent egg production and sex ratio, ante- 
cedent egg production being based upon the full year’s production as 
in the case of Jull’s (1924) work. 

On the other hand, Christie and Wreidt (1930) observed an excess 
of barred progeny produced during February, March, and April as 
compared with the progeny produced during May, June, and July 
and an excess of black progeny produced during August, September, 
and October as compared with the progeny produced during May, 
June, and July. In the back-cross mating, heterozygous barred males 
on recessive black females, used by Christie and Wreidt, the progeny 
would normally be produced in the proportion of one barred male, one 
black male, one barred female and one black female. The excess of 
barred progeny produced in the early part of the season and an excess 
of black progeny produced during the latter part of the season is 
similar to the results secured by Jull (1924), but in Christie and 
Wreidt’s case the sex ratio was not influenced. They offer the follow- 
ing suggestion, based on their results: ‘It is shown in this experiment 
that there is probably a seasonal effect of B (the sex-linked barring 
factor) and Jull’s results may have been affected by this phenomenon.”’ 
This matter is being investigated. 


INBREEDING AND THE SEX RATIO 


Callenbach (1929) secured results indicating that different strains 
of domestic fowl produce differing sex ratios. Mussehl (1924) secured 
results that show sex ratios from different males differing materially, 
and Jull (1924) secured sex ratios of 91.67 and 66.67, respectively, 
from two hens based on their total annual egg production. Christie 
and Wreidt (1930) observed that some of their females gave aberrant 
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sex ratios, six each giving a low sex ratio and three each giving a 
high sex ratio. 


Hays (1929) found that inbreeding tends to lower the sex ratio in 
Rhode Island Reds. 

Moreover, Pearl (1924) observed that among matings of humans in 
Buenos Aires ‘‘there is some evidence of a significantly greater pro- 
portionate production of males in the offspring from matings involving 
different racial stocks than in the offspring from matings in which 
both parents belong to the same racial stock.’’ Pearl analyzed the 
statistics of over 200,000 human births, extending over a period of 
ten years, among the following matings: 


Argentine @ X Argentine ? 
Italian o X Italian ? 
Spanish o' X Spanish 2? 
Italian o' X Argentine 9 
Spanish o X Argentine ? 


Conclusive evidence regarding the possible influence of inbreeding 
and outbreeding on the sex ratio among the various classes of domestic 
livestock is still very meagre but, as Pearl says, ‘‘Any data tending to 
throw light on the significance of any supposed sex-influencing factors 
can but be welcome.”’ In the case of the domestic fowl it is a com- 
paratively easy matter to secure relatively large families from single 
matings. Moreover, it is possible to practice close inbreeding over a 
period of years. 

At the U. S. Animal Husbandry Experiment Farm, Beltsville, 
Maryland, matings involving crosses between breeds and varieties 
have been made and the sexes of the progeny recorded. Also, a 
number of pens of Barred Plymouth Rocks and White Leghorns have 
been inbred for a period of years and careful records kept of the sex 
of the progeny. The data from these matings are given here as a 
contribution to the general study of sex-influencing factors. 


During 1927-a number of varieties of the Plymouth Rock breed 
were intercrossed as follows: 


. Buff Plymouth Rock o& X White Plymouth Rock 9 
. White Plymouth Rock o& X Buff Plymouth Rock 9? 

3. Silver Penciled Plymouth Rock o& X Partridge Plymouth Rock 9 
. Partridge Plymouth Rock o X Silver Penciled Plymouth Rock 9 
. White Plymouth Rock o X Barred Plymouth Rock 9 


In 1928 the progeny of each intercrossed pen were inbred, the 
amount of inbreeding being mostly half-sister-and-brother and in a 


few cases full-sister-and-brother matings. 
9 
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In Table II are given the sex ratios of the families of the original 
crosses and of the families of the inbred matings made the following 
year. 

The sex ratio of the families of the inbred matings is lower in three 
and higher in two cases than the sex ratio of the families of the original 
crosses, but in no case is there a significant difference. 


TABLE II 


Sex Ratios of Families of Plymouth Rock Variety Crosses and 
Subsequent Inbred Matings 








Sex Ratio 
Mating 
Number 
Original Cross, 1927 Inbred Mating, 1928 





44.62 +5.60 58.70+5.48 
58.23+5.12 46.36+4.19 
48.72+2.74 50.65 +3.61 
48.70+3.95 44.86+1.21 
50.44+5.10 44.83+3.09 





49.77 +2.02 47,321.62 


In the fall of 1924 an inbreeding project was begun with each of 
four pens of Barred Plymouth Rock and White Leghorn pullets, each 
pullet being mated to an unrelated cockerel. Pedigree breeding was 
practiced so that the progeny for each male and female mating was 
definitely established. When the progeny of each pen reached ma- 
turity in the fall of the year, five full sisters and at least two of their 
full brothers were selected from the female breeder that had the 
largest number of progeny at the time of selection. Three full sisters 
were chosen from each of the two female breeders having the next 
highest number of progeny at the time of selection. The five full 
sisters and the two groups each of three half-sisters were mated to a 
full brother of the five full sisters. This was the method of selecting 
the breeders for each inbred pen in 1926, 1927, and 1928, the chicks 
raised in 1925 being the progeny of unrelated males mated to the 
original pens of females. 

In Table III are given the sex-ratio data of the progeny of the 
original matings and of the progeny of the half-brother-and-sister and 
full-brother-and-sister matings the following year. 
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TABLE III 
Sex Ratio of Families from Half-brother-and-sister and Full-brother-and-sister Matings 








Mating Sex Ratio 


Original Barred Plymouth Rock mating 53.54+1.89 
Half-brother-and-sister Barred Plymouth Rock mating........ 50.21 +2.99 
Full-brother-and-sister Barred Plymouth Rock mating 55.79 +4.46 
Original White Leghorn mating 44.15+1.33 
Half-brother-and-sister White Leghorn mating 50.65 +1.82 
Full-brother-and-sister White Leghorn mating 48.37 +2.52 


The data in Tables II and III show that close inbreeding in the 
domestic fowl, at least for one generation, apparently has no significant 
influence on the sex ratio of the progeny. 

In order to present further evidence bearing on the problem of the 
sex ratio in the domestic fowl in relation to inbreeding, the coefficient 
of inbreeding has been determined for the inbred families produced in 
1926, 1927, and 1928 in the case of the inbred Barred Plymouth Rocks 
and White Leghorns. 

Wright (1923) has pointed out that the coefficient of inbreeding (F) 
depends primarily on the number and closeness of the ancestral con- 
nections between the sire and dam, and secondarily on the degree of 
inbreeding of the common ancestors of the sire and thedam. ‘Every 
chain of generations in the pedigree by which one may trace back 
from the sire to a common ancestor and then forward to the dam, 
passing through no animal more than once (within the given chain), 
contributes to the inbreeding an amount equal to one-half used as a 
factor one more time than there are generations in the chain, with 
the qualification that this must be multiplied by a corrective term 
(1+ F,), in case the common ancestor (A) is himself inbred.’ 
Wright’s formula for determining coefficients of inbreeding has been 
used in the analysis of the data discussed in this paper. ‘‘Let F, and 
F, be coefficients for the individual and for a representative common 
ancestor of his sire and dam, and letting » and nm’ be the number of 
generations between the sire and dam, respectively, and their common 
ancestor, we have as the general formula: 


F, = 2[Qyern + Fad)” 


It should be clearly understood that the coefficients of inbreeding 
given in this paper refer to the coefficients of inbreeding of the progeny 
of a given mating. For instance, when A is mated to his half-sister B, 
the coefficient of inbreeding of their progeny is 12.50 per cent. Also 
when C is mated to his full-sister D, their progeny have a coefficient of 
inbreeding of 25.00 per cent. 
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In Table IV the sex ratios of families representing different 
coefficients of inbreeding are given for both the inbred Barred 
Plymouth Rocks and White Leghorns. 


TABLE IV 
Sex Ratio of Families Representing Different Coefficients of Inbreeding 


Sex Ratios 
Coefficients of In- 
breeding 





Barred Plymouth Rocks | White Leghorns 





12.50 50.68 +3.99 48.82 +2.92 
25.00 43.90+3.45 46.63 +2.00 
37.50 38.57 +5.93 44.20+4.83 
50.00 — 41.94+7.41 


The data in Table IV are consistent to the extent that in both 
breeds the sex ratio decreases as the coefficient of inbreeding increases. 
The sex ratios, however, do not differ significantly, as may be observed 
from the fact that in the Barred Plymouth Rocks the highest sex ratio 
is 50.68 + 3.99 and the lowest is 38.57 + 5.93, but the difference, 
12.11 + 7.14, is not significant. It is true that the observations are 
based on relatively small numbers of families and it is possible that 
observations based on larger numbers of families might show a sig- 
nificant relationship between inbreeding and the sex ratio. 

Larger numbers of families are represented in the class of coefficients 
of inbreeding ranging from 21.51 to 29.50 and in the class ranging from 
29.51 to 37.50 than in the coefficient of inbreeding classes given in 
Table IV. The sex ratios of the two larger family numbers of 
coefficient of inbreeding classes are given in Table V. 


TABLE V 


Sex Ratios of Families Representing Two Ranges of Coefficients of Inbreeding 


Sex Ratios 
Coefficients of In- 
breeding 


Barred Plymouth Rocks White Leghorns 


45.66-+2.41 48.48-+1.59 
43.62+5.10 | 48.68 -+2.20 


In the Barred Plymouth Rocks the class of higher coefficients of 
inbreeding has the lower sex ratio, but in the White Leghorns the 
reverse is the case. In neither case is the difference between the sex 
ratios significant. Moreover, the sex ratio of 48.68 + 2.20 given in 
Table V for White Leghorns for the coefficients of inbreeding ranging 
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from 29.51 to 37.50 is higher than the sex ratio of 46.63 + 2.00 given 
in Table IV for White Leghorns for the coefficient of inbreeding 
of 25.00. 


It seems apparent, therefore, that inbreeding in the domestic fowl 
can hardly be regarded as a sex-influencing factor, even when close 
inbreeding is practiced. 
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THE EFFECT OF FATTY ACID BUFFER SYSTEMS ON THE 
APPARENT VISCOSITY OF THE ARBACIA EGG, 
WITH ESPECIAL REFERENCE TO THE QUES- 
TION OF CELL PERMEABILITY TO IONS 


EVELYN HOWARD?! 


(From the Department of Physiology, University of Pennsylvania, Philadelphia, 
and the Marine Biological Laboratory, Woods Hole, Massachusetts) 


The subject of this study is the degree to which certain intracellular 
effects of acids may be modified by the presence of the salts of the 
acids. If a living cell is exposed to a penetrating acid and its salt, 
conditions being such that the salt is unable to penetrate, the internal 
reaction of the cell will be influenced by the absolute concentration of 
the acid rather than by the pH of the solution as such. Results which 
were interpreted in this way, as evidence of the relative impermeability 


of cells to salts, have been obtained for a variety of cells by Jacobs 
(1920a, 1920b, 1922a), Beerman (1924), Bodine (1925), and Lillie 
(1926, 1927). Furthermore, Osterhout (1925) and Osterhout and 
Dorcas (1926) have investigated the penetration of CO, and H.S in 
a more quantitative manner on a particularly favorable material, Valonia, 
with results which led them to state that “. . . it is only the undissoci- 
ated molecules which penetrate. . . . Under ordinary conditions there 
seems to be little or no exchange of ions.” 

On the other hand Smith and Clowes (1924a, b), and Smith (1925, 
1926) found that certain physiological effects of the free acid in buffer 
systems of penetrating acids depended on the pH of the external solu- 
tion, a result which they were inclined to interpret (1924b) as being 
due to the penetration of the salt of the acid rather than to effects on the 
external cell surface, since analogous external pH variations produced 
by non-penetrating acids were physiologically ineffective. Similar con- 
clusions as to the penetration of certain salts have been reported by M. 
M. Brooks (1923) and by Haywood (1927). 

The contradiction implied in the conclusions of these two groups 
of workers led to the present study of the question, in which the effect 
of acids on the apparent viscosity of the protoplasm of sea urchin eggs 
has been used as a measure of the intracellular effectiveness of the pH 
produced by various systems. The results obtained indicate that physi- 


1 Moore Fellow in Medical Sciences, University of Pennsylvania. 
132 





CELL PERMEABILITY TO IONS 133 


ologically significant quantities of the salts of several penetrating acids 
enter the cells studied within a few minutes, in contrast to the ions 
of certain mineral acids, for which there was found no evidence of 
penetration under similar conditions. In this respect my work confirms 
the conclusions of Smith, but it has extended them to apply to consider- 
ably shorter times, and has led to a different conception of the manner 
in which the intracellular buffering action of the salt might be brought 
about. 


MATERIAL AND METHODS 


The unfertilized eggs of the sea urchin, Arbacia punctulata, have 
been used throughout these experiments, since they are adaptable to 
semi-quantitative studies on the apparent viscosity of protoplasm. Be- 
cause of the danger that the selective permeability of cells might be 
altered by injury, care was taken that the material should be as normal 
as possible. Eggs which were in good condition, as indicated by the 
prompt formation of fertilization membranes and by uniform cleavage 
(95 to 100 per cent), stood centrifuging without appreciable cytolysis 
and as a rule the controls maintained a uniform value of the apparent 
viscosity throughout an experiment. During the beginning and the 
end of the season, a sample of eggs of each lot studied was fertilized, 
and those lots selected for use which showed prompt and uniform eleva- 
tion of fertilization membranes, but in the middle of the season such 


a selection was unnecessary. The occurrence of an apparent liquefaction 
on treatment with acid is not incompatible with subsequent cleavage and 
development after fertilization on return to sea water, although pro- 


gressively less recovery is obtained as the degree of liquefaction is 
increased. 


An experiment consisted of exposing the cells to the solutions in 
question, and determining the apparent viscosity of the protoplasm after 
various intervals. The method of centrifugation employed for these 
measurements was composed essentially of observations on the degree 
of movement of the yolk granules through the cell under the influence 
of a given centrifugal force acting for a constant time. Certain factors 
concerned in the resultant apparent viscosity of the protoplasm of these 
cells will be discussed elsewhere. For the present purposes such a 
determination of the rate of granule displacement has been used as a 
measure of the effects of acid, without attempting any analysis of the 
actual changes occurring in the apparent viscosity, or of whether changes 
occurred in the granules themselves. The term liquefaction is used 
in this paper to describe the effects studied, because it is probable from 
the results of various authors (Jacobs, 1922b; Edwards, 1923; and 
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Brinley, 1928) that at least a part of the physical effects of acid on 
the cell consist in the production of an actual liquefaction. 

The granule displacement was evaluated in the following manner. 
After centrifuging, in order to prevent return redistribution of the 
granules in the cell, the eggs were immediately fixed in a solution of 
0.04 per cent formaldehyde in sea water. The layers of material which 
are separated in sea urchin eggs by centrifugal force may be classified 
as a cap of fatty material, a hyalin segment of clear protoplasm, a 
segment of yolk granules, and finally the red pigment granules. Counts 
were made of the percentage of eggs showing a hyalin segment of an 
altitude of one-fifth or over of the diameter of the egg, out of a total 
number of 200 eggs which showed an axis of stratification perpendicular 
to the axis of observation. The position of the axis of stratification 
can be determined in a definite manner by locating the red granule 
layer opposite to the clear area. Since the estimation of the position 
of this axis is only possible in those eggs which show some granule 
displacement, the percentage actually counted is not an absolute per- 
centage representative of the entire lot of eggs, although it tends to 
become so as its magnitude increases. The altitude of the hyalin seg- 
ment was measured from the surface of the egg to the boundary be- 
tween the hyalin and yolk segments, including within this segment the 
small amount of fatty material. The measurement consisted simply 
of a comparison with an ocular micrometer scale at a magnification 
of 100 diameters. The counts were reproducible with a probable error 
of plus or minus one per cent. The percentage of eggs showing this 
degree of stratification as determined in the manner described will here- 
after be referred to as sigma. 

Counts made on the same samples of eggs at intervals after the 
fixation showed an initial increase of about eight sigma during the first 
twenty minutes following fixation, after which the value remained 
constant for about two hours. A slow decrease in sigma of the order 
of 6 to 8 occurred after four to eight hours. Slightly lower concentra- 
tions of fixative did not give the initial rise but gave a more rapid drop, 
and higher concentrations tended to render the cells opaque. With the 
concentration of fixative employed, counts were made between one-half 
hour to two hours after fixation. 

For values between 5 and 40, sigma increases nearly linearly with 
the time of centrifuging; but below 5 the curve of sigma against time 
is convex to the time axis, and above 40 to 60 sigma the curve tends 
to become concave. Treatment with fatty acids causes sigma to in- 
crease until a point is reached, with increasing concentrations of acid, 
where coagulation begins to occur, which is associated with an abnormal 
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general appearance of the eggs. Coagulating concentrations of acid 
were not used in the present study of permeability. 

Numerical values of sigma in different acid concentrations are of 
relative significance only, since considerable variations in absolute mag- 
nitude occurred among different lots of eggs. In the experiments de- 
scribed below, however, the relative effectiveness of a series of solutions 
was reproducible without exceptions. The effects described are based 
on a series of observations on three or more lots of eggs, for each series 
of solutions tested. 

A centrifugal force of approximately 1000 times gravity was used, 
but this was not entirely constant from day to day, since the line current 
at Woods Hole fluctuates considerably. However, controls in sea water 
or unbuffered saline were included in each test, and with material in 
good condition sigma values were usually constant during each experi- 
ment, within the limits of error of the counts. The centrifuge was ac- 
celerated in a standard manner, twenty-five seconds being used to move 
the rheostat to its final point, and the machine established speed in about 
forty seconds after the current was turned on. Room temperatures 
varied between 22 and 25° C. during the course of the work, but the 
variations during any one experiment were not more than a few tenths 
of a degree. The cells were centrifuged for 2.0 to 2.5 minutes, the 
actual time suitable for each lot being determined in a preliminary test. 

The technique of measuring the apparent viscosity differs from that 
previously employed by Heilbrunn (for numerous references see 1927) 
and by Barth (1929) in one fairly important respect. These workers, 
by centrifuging the material for various times, determined the shortest 
time required to produce granule displacement for comparison under 
different conditions. For the present purposes, I found that in cells 
centrifuged for any one time, with the technique used, the amount of 
granule displacement varied in different cells to such an extent that it 
was not possible to compare groups of cells centrifuged for different 
times unless comparisons were made on the basis of those times at which 
equivalent percentages of cells showed a given amount of granule dis- 


placement. In practice it was found more satisfactory to compare the 


percentages of cells showing a given amount of granule displacement 
after equal times of centrifuging. 


Solutions ——Stock solutions of acids were made up by titration 
against standard NaOH, using phenolphthalein as indicator, dilution 
to the desired concentration, and retitration. The solutions of the salts 
of the fatty acids were made up by mixing 1.000 N NaOH and 1.000 
N acid to a pH of 9.4 with thymol blue, this being the approximate 
pH of salt hydrolysis, allowing for salt error of the indicator, at salt 
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concentrations of 0.5 molar. The salt solutions were kept on ice and 
made up fresh each week. Solutions for use on the eggs were made 
up daily from these stock solutions by volumetric dilution, with an 
accuracy of 0.5 per cent, in balanced isotonic saline media. For the 
first part of the work the saline medium was prepared daily from sea 
water, by treating it with 5 cc. of 0.5 N HCl per liter and passing a 
current of moist room air through it overnight. This procedure frees 
the solution from carbonates and CO, except for traces in equilibrium 
with room air. The solution was then filtered and neutralized with 
0.25 N NaOH to an apparent pH of 7.2 with phenol red, which, cor- 
rected for salt error, becomes pH 7.0. To this medium were then added 
the acids to be tested on the eggs. However, for most of the work an 
artificial saline was prepared daily by mixing 1.00 M NaCl 420 cc., 0.50 
M KCl 18 cc., 0.50 M MgSO, 51 ce., 0.50 M MgCl, 46.7 cc., and 0.50 
M CaCl, 18.7 cc., and distilled water to one liter. ‘These concentra- 
tions of salts were obtained from data on the relative salt concentrations 
of sea water, as given in the Tabule Biologice. The salinity was ad- 
justed to the point where the medium caused no significant change in 
sigma, when compared with Woods Hole sea water. No difference in 
the results was observed between solutions made up in this saline and 
in the carbonate-free sea water. 

When the volume of hypotonic reagents added to the saline exceeded 
one per cent, hypertonic NaCl was added in proper amount to restore 
the osmotic balance. Two per cent of distilled water in sea water was 
found not to affect sigma, while 10 per cent distinctly increased sigma. 
When the volume of the solutions added to the saline exceeded 10 per 
cent, the amounts of K, Ca, and Mg were adjusted to maintain the 
normal cation ratio, unless otherwise stated. A ten per cent variation 
in the cation ratio was not associated with appreciable variations in 
sigma. The effect of larger variations is described below. 

All pH values given for HCl and phosphate solutions were deter- 
mined with a quinhydrone electrode. The individual determinations 
were subject to potential drifts of one to three millivolts. The values 
given in Table I are averages of several determinations. During pre- 
liminary experiments, the pH of the solutions was found to remain 
unchanged during an experiment. The pH of solutions of fatty acid 
buffers were calculated from the known amounts of the free acid and 
its salt added, using constants of pK’ as 4.48 for acetic acid and 4.56 
for valeric. The constant for acetic was taken from data of Michaelis 
and Kriiger (1921) as the value of the constant in 0.5 M NaCl with 
1/50 M CaCl,, and the value for valeric was calculated from the ac- 
cepted value for its pK, assuming that the effect of the salinity is the 
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same as with acetic acid. For the second dissociation constant of phos- 
phoric acid Michaelis and Kriger’s value of pK’ in 0.5 M NaCl of 6.43 
was used. 

It will be noticed that the procedure followed in making up the ex- 
perimental solutions differed from that used by Smith in his work on 
marine ova in one fairly important respect. Smith’s method was to add 
standard sodium acetate to neutral carbonate-free sea water, and then 
to divide the resulting solutions into separate portions, and adjust the 
hydrogen ion concentrations to various values by the addition of HCl 
of the appropriate strength. This technique obviously lowers the salt 
concentration at the same time that it raises that of the free fatty acid, 
thus changing simultaneously the three variables: salt, acid, and pH. 
Under these circumstances the evaluation of the effect of each vatiable 
separately is difficult, and can be attempted only by a combination of a 
number of experiments. My procedure was so planned that each of 
the variables, acid, salt, and pH was in turn held constant while the 
other two were varied, thus rendering it possible to test Smith’s con- 
clusions directly in individual experiments. 


Tue Errect oF CERTAIN ACIDS AND BUFFER SYSTEMS ON THE 
APPARENT VISCOSITY 


1. The Effect of Mineral Acids on the Apparent Viscosity 


One of the arguments that ions in general do not penetrate living 
cells has been that cells are not injured or affected by the completely 
dissociated strong acids or bases in pH ranges in which the solutions 
of certain weak acids and bases, which are believed to contain a large 
proportion of undissociated molecules, can exert marked physiological 
effects apparently resulting from their ability to affect the hydrogen 
ion equilibria within the cell. The work of Bethe (1909), Warburg 
(1910), Harvey (1911), Jacobs (1920b), Chambers (1928) and others 
has shown that weak acids and bases produce intracellular indicator 
changes promptly under conditions where strong acids and bases are 
ineffective. A variety of physiological effects in animal, plant, and 
bacterial cells have been shown to follow the same rule in that, according 
to Loeb (1909), Cohen and Clark (1919), Jacobs (1924), Smith and 
Clowes (1924 a and b), Barth (1929) and others, they respond to weak 
organic acids more readily than to strong mineral acids, although in 
application the rule is not without its limiting conditions, especially when 
high concentrations of acids are employed (Crozier, 1916). 

In the present experiments this general principle has been confirmed, 
in that HCl and the phosphate buffer system have been found to be 
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ineffective in producing a liquefaction of protoplasm within the pH 
range in which the organic acids were effective. 

Eggs were exposed to acids for various times, and they were then 
centrifuged and sigma values determined in the manner described above. 
The results of exposing eggs to HCI in unbuffered saline for fifteen 
minutes are given in Table I. 


TABLE I 


The Effect of HCI on the Apparent Viscosity 





Experiment Molarity pH observed 





1.1107 15 
2.2 5.4 12 


4.3 5. 16 
control = 12 


1 





4.3 5. 17 
control 17 








5.4 12 

6.5 18.5 

8.7 15.5 
control 14.5 














Since the variations of sigma in cells in HCl solutions are slight, 
and since there is no regular variation with the changes in acid con- 
centration, it is considered that no significant effects on the apparent 
viscosity are produced by HCl at pH 4.3 or above. At about pH 4.3 
the eggs tend to cytolyze, so that in view of complications due to cell 
injury, quantitative measurements of sigma below pH 4.3 were not 
undertaken. At pH 4.1 the protoplasm was not coagulated after fifteen 
minutes’ exposure, and at pH 3.0 coagulation occurred. 

Similar experiments were performed with phosphate buffers. So- 
lutions of 0.00132 and 0.0066 molar NaH,PO, in saline media were 
adjusted to a series of pH values between 4.2 and 5.8 with NaOH. 
No significant differences were observed between the apparent viscosity 
of cells in the saline media alone and in these phosphate solutions, after 
exposures of five to forty minutes. The ions of the phosphate system 
therefore appear to resemble the ions of HCl in being unable to influence 
the interior of the living Arbacia egg. The pH ranges used with these 
mineral acids are within those in which the fatty acids exert their ef- 
fects; consequently the effects produced by the fatty acids cannot be 
due to the hydrogen ion concentrations as such which are produced in 
the external media. 
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2. The Effect of Fatty Acids on the Apparent Viscosity 


The results obtained with the saturated fatty acids are very different 
from those just described for mineral acids. The effect of unbuffered 
valeric acid on protoplasmic viscosity is shown in Fig. 1. In this and 
all subsequent figures the ordinates represent the degree of liquefaction 
in sigma, and the abscisse the time in minutes of exposure of the cells 
to the various solutions up to the time of centrifuging. In Fig. 1 it 
will be observed that with increasing time of exposure the degree of 
liquefaction increases up to a certain time, beyond which it tends to 
decrease. The magnitude of the maximum liquefaction and the rate 
of change increase with the concentration of the acid, between 1 & 10% 
and 3 X 10° molar. 

Since the action of valeric acid may be due in part to the liberation 
of carbon dioxide from intracellular carbonates, a few observations on 
the effect of carbon dioxide were made. The gas was passed through 
sea water until a saturated solution was obtained. The latter was then 
diluted with sea water to certain pH values, determined with the quin- 
hydrone electrode. A marked liquefaction was obtained at pH 5.1, 
and a coagulation at pH 4.9. These pH values correspond to carbon 
dioxide tensions of approximately 400 and 700 mm. respectively, ac- 
cording to the data of Henderson and Cohn (1916). 

The magnitude of the liquefaction obtainable with unbuffered 
valeric acid is not very great. Cytolytic effects usually begin to occur 
above concentrations of 0.0001 molar, obscuring the possible effects 
of larger concentrations of acid on protoplasmic viscosity. Out of a 
total of seven experiments with unbuffered valeric acid, a liquefaction 
was observed six times; and in the lot of eggs in which no definite 
liquefaction could be observed, appreciable cytolysis was produced by 
0.0001 N acid. 

Using acetic acid in unbuffered solutions, I failed to observe a lique- 
faction in four experiments, using concentrations of 1 * 10 to 1 & 10°* 
normal, although considerable cytolysis was observed in the higher con- 
centrations. Consequently it is obvious that acetic acid produces intra- 
cellular effects less readily than valeric. 

The effectiveness of different fatty acids was compared in buffered 
solutions, since under these conditions it was possible to obtain a definite 
liquefaction without cytolysis in all the acids used. The effect of the 
length of the carbon chain was studied with the acids acetic, propionic, 
butyric (a mixture of normal and iso forms), and n-valeric. Because 
of the almost equal strengths of the acids in question, such a comparison 
has a greater significance than would otherwise be the case. The re- 
sults of a typical experiment with short exposures are shown in Fig. 2. 
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The concentration of the free acid was in each case 0.000517 N, in the 
presence of 0.000993 mols per liter of its salt. In this experiment the 
salt concentration was determined from the amount of standard NaOH 
added to the respective standardized acid solutions, instead of the salt 
having been made up separately as described above for the other ex- 
periments. The following pH values were calculated for these solu- 
tions, using the dissociation constants obtained by Drucker (1905) and 
assuming the correction of —.249 applied to pK for acetic acid to hold 
for each acid: acetate system 4.77, propionate 4.87, butyrate 4.81, and 
valerate 4.84. It is evident from Fig. 2, that the rapidity with which 
liquefaction is produced by such buffer mixtures increases with the 
increasing length of the carbon chain, irrespective of the slight differ- 
ences in pH, which, except in the case of the propionic ac’1, would 





Piate I 
Explanation of Figures 


The figures show the effect of various acid solutions on the apparent viscosity 
of the Arbacia egg. The ordinates are the values of the viscosity in sigma, 
plotted in each case to the scale shown in Fig. 1, although only relative viscosities 
rather than absolute values are comparable in separate figures. The abscisse are 
the times of exposure of the eggs to the solutions, up to the times of starting 
the centrifuging. The diagrams give the time in minutes, and it will be noticed 
that the time scales are not the same in all the figures. The curves are numbered 
in the order of increasing hydrogen ion concentration. The solutions as given 
were made up in balanced isotonic saline. The effects shown in Figs. 3 to 6 are 
typical of both acetic and valeric buffer systems. 

Curve 1 in each figure represents the controls in sea water or in the unbuffered 
saline medium. 

1. The effect of unbuffered solutions of valeric acid. Curve 2, valeric acid 
2.9-10-© normal; curve 3, 1.74-10-5 normal, curve 4, 1.16-10-* normal. 

2. The effect of the length of the fatty acid carbon chain on the rapidity 
with which the liquefaction is produced. Curve A, acetic acid; curve P, propionic 
acid; curve B, butyric acid; curve ]”, valeric acid. The acid was in each case 
5.17-10-4 normal, in the presence of 9.93-10-4 mols of the respective salt. 

3. The effect of varying the pH by varying the concentration of the free 
acid in the presence of a constant amount of the salt of the acid. Curve 2, pH 
5.2, free valeric acid 0.000341 normal; curve 3, pH 4.8, acid 0.000852 molar; 
sodium valerate in each case 0.00135 molar. 

4. The effect of varying the pH by varying the concentration of the salt 
of the acid in the presence of a constant amount of free acid. Free valeric acid, 
0.000585 normal. Curve 2, pH 5.6, sodium valerate 0.00585 molar; Curve 3, pH 
5.0, valerate 0.00176 molar; curve 4, pH 4.6. valerate 0.000585 molar. 

5. The effect of varying the salt of the acid in the presence of a constant 
amount of acid at a higher pH range than that of Fig. 4, namely 5.4 to 6.7. Free 
acetic acid 0.00096 normal, in the presence of sodium acetate of 0,008 to 0.16 molar. 
Curve 2, pH 6.7; curve 3, 6.4; curve 4, 6.0; curve 5, 5.7: and curve 6, 5.4. 

6. The effect of increasing both the acid and the salt, while maintaining a 


constant pH of 5.17. Curve 2, free valeric acid 0.00029, valerate 0.00117; curve 
3, acid 0.000870, valerate 0.00351 molar. 
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be expected to reduce rather than to enhance the observed effects of 
the permeability differences. 

After three to five minutes’ exposure to the fatty acid solutions, there 
is shown a tendency of the viscosity values to reach the same equilibrium 
point. However, an identical equilibrium is not realized, and even after 
twenty minutes’ exposure the acetic acid has usually produced somewhat 
less liquefaction than the valeric, in spite of the fact that it is a slightly 
stronger acid, this behavior recalling the comparative ineffectiveness of 
acetic acid in unbuffered solutions. 

The observation that the rate of production of the protoplasmic 
liquefaction increases with the length of the fatty acid carbon chain 
accords with the general principle of Overton, which seems to hold for 
a great variety of material (Jacobs, 1924), that in homologous series, 
the more highly the non-polar portion of a molecule is developed as 
compared with the polar, the more readily are intracellular effects pro- 
duced. The ineffectiveness of the mineral acids in this case cannot 
be due to their low concentrations, for HCI fails to produce a liquefac- 
tion at a concentration of 8.7 < 10°, while valeric acid is effective at 
3 10° N. Furthermore, if we consider the buffering capacity of the 
solutions used (AB/ApH, Van Slyke, 1922) over the pH interval of 
4.77 to 6.80, the latter taken as the normal pH of the cell contents 
(as determined for other Echinoderm ova by Chambers, 1928), it 
is seen that the effective acetate solution has a buffering capacity of 
only 0.00025, while for the ineffective phosphate buffer it is 0.0023. 





























3. Penetration of the Cell by the Salts of Fatty Acids 





So far the results have not been in disagreement with the conceptions 
that ions penetrate uninjured cells only with considerable difficulty, if 
at all. If now we consider the salts of the fatty acids, which are be- 
lieved to be completely ionized, we obtain quite a different picture. 
For the following experiments in this section both acetate and valerate 
buffers have been used. 


(a) The Effect of the Salt of the Fatty Acid on the Apparent Viscosity 





As a preliminary to the study of the effect of the acid in the presence 
of the salt, cbservations were made on the effect of the salt alone. 
Sodium acetate in the saline media without the presence of free acid, 
other than the traces resulting from hydrolysis, was found to produce 
no significant changes in sigma in concentrations of 0.001 to 0.004 
molar. In solutions of 0.008 and 0.01 molar, a liquefaction was ob- 
served after twenty minutes’ exposure which became more marked after 
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longer exposures. The effect was variable in degree, but the lique- 
faction was at times as great as thirty sigma above the controls after 
forty minutes’ exposure to 0.01 molar sodium acetate. In the presence 
of a potassium excess of 0.01 molar, the acetate effect was increased, 
i.e., it was manifested sooner and in greater degree. Lithium acetate, 
0.01 molar, produced an even greater effect than potassium acetate. 
The lithium and extra potassium, when added in the form of chlorides 
to the standard saline, caused no significant changes in sigma; therefore, 
this liquefying effect of lithium or of excess potassium appears to be 
associated with the presence of the acetate ion. 


(b) The Effect on the Apparent Viscosity of Changing the pH by 
Varying the Free Acid in the Presence of Constant Salt 


In a concentration range in which the salt alone produced no de- 
tectable effects, it may be shown that the effect of the acid on the 
apparent viscosity in the presence of the salt is similar to the effect 
of the acid in the absence of the salt in the case of valeric acid described 
above. The result of varying the free acid in the presence of a constant 
amount of salt is shown in Fig. 3. It is seen that, in the presence of 
the salt, as with the acid alone, increasing degrees of liquefaction are 
associated with increasing concentrations of free acid. This result 
would be expected whether or not the salt penetrated. The concentra- 
tions of acid used are greater than those possible in unbuffered solutions 
without gross injury; and the liquefaction produced is also greater and 
considerably more prolonged. 


(c) The Effect on the Apparent Viscosity of Changing the pH by 
Varying the Salt while the Free Acid is Constant 


If the salt penetrates readily, it would be expected that altering the 
pH by varying the salt concentration in the presence of a constant 
amount of free acid would result in immediate differences in the degree 
of liquefaction produced by the acid. That such is the case is shown 
in Fig. 4, in which the effect of valeric acid 0.000585 N is shown to be 
modified by sodium valerate of 0.00585 to 0.000585 molar. It is seen 
in Fig. 4 that the degree of liquefaction increases with the increasing 
hydrogen ion concentration and the decreasing amounts of salt. At 
pH 4.6 to 5.6 this effect is marked in both the valeric and the acetic 
solutions. The effect of the salt appears within four minutes of ex- 
posure to the solutions, the shortest time tested. It is presumably 
not a specific salt effect, since it occurs in salt concentrations of 0.002 
to 0.0006 molar, which are below those where the salt effect was ob- 

10 
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served in solutions of sodium acetate without added free acid, and also 
because the liquefaction increases rather than decreases with the de- 
creasing salt concentration. It is probably not caused by an influence 
of the salt on the rate of penetration of the acid, since the acid penetrates 
very quickly and apparently establishes a distribution equilibrium within 
three to eight minutes in solutions of pH 5.2 or below. 

It seems most probable that the influence of the salt is due to an 
actual buffering effect exerted intracellularly. If this is so, these ex- 
periments indicate that the effect of the acid on the apparent viscosity 
is exerted through some influence on the intracellular hydrogen ion 
equilibria, rather than through a more specific molecular reaction, since, 
when the total acid concentration is constant, variations in the hydrogen 
ion concentration alter the effectiveness of the acid. It is believed, 
therefore, that these experiments constitute evidence that the salts of 
fatty acids are able to penetrate the living cell. In regard to the com- 
parative rates of penetration of the acids and their salts, it is shown 
in Fig. 2 that acetic acid does not exert its characteristic effect until 
after about three minutes’ exposure. Since the buffering action of 
sodium acetate may be in evidence after four minutes’ exposure (the 
shortest time tested), it appears quite possible that the salt penetrates 
the cell, in the presence of the acid, at a rate which is of the same 
order of magnitude as that of the acid. 

When a similar experiment is performed in which the free acid 
is kept constant and the salt varied, within a higher pH range, t.e., 
between 5.7 and 6.7, somewhat different results are obtained. In order 
to produce a measurable liquefaction at these pH values, both the acid 
and the salt must be increased to within the range of salt concentrations 
at which the salt produces specific effects on the apparent viscosity. 
The results of such an experiment are shown in Fig. 5. The free acid 
in this experiment was 9.6 x 10-* N, and the salt concentrations were up 
to 0.16 molar. The pH values calculated were, for curve 2, 6.7; curve 
3, 6.4; curve 4, 6.0; for curve 5, 5.7; and curve 6, 5.4. It is seen that 
the initial effect is a liquefaction which increases with the hydrogen 
ion concentration, as was observed for the lower pH ranges described 
above. However, with increasing exposures, sigma values decrease in 
the solutions of lower pH and rise in the higher, with the result that, 
after an hour or more of exposure, between pH 5.7 and 6.7 the order 
of increasing fluidity has become reversed and consequently the lique- 
faction increases with the salt concentration instead of with the external 
hydrogen ion concentration. 


Since the order of increasing fluidity may be reversed in this way, 
it is possible that the liquefying action of the salt may be of a different 
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character from that of the acid. In view of the many factors which 
may affect the apparent viscosity, it is not unlikely that the seat of action 
of the hydrogen ion may differ from that of the salt. In this connection, 
the possibility was considered that the influence of the salt on the ap- 
parent viscosity was the result of an osmotic effect. The solutions of 
sodium acetate in saline media were made up to be isosmotic with normal 
saline, but if the salt should penetrate and remain osmotically active, 
these solutions would not be isotonic for the cell; in fact, the solutions 
used in the experiment shown in Fig. 5 would in effect be of various 
degrees of hypotonicity down to 68 per cent of the isotonic strength, 
and the expected changes in volume would result in an increased ap- 
parent liquefaction such as was observed. That this is probably not 
the case, however, is indicated by the fact that measurements of cell 
volumes in such solutions, kindly made for me by Miss D. R. Stewart 
by a technique which she will describe elsewhere,’ revealed no significant 
changes. In this respect, then, the sodium salts of the fatty acids differ 
from the ammonium salts, which Stewart (1929) has found to cause 
osmotic swelling. These results may be due to the fact that the sodium 
salts can enter only in osmotically negligible amounts, but, on the other 
hand, it may be that their entrance is for some other reason not asso- 
ciated with an increase in the total osmotic pressure of the cell. 


(d) The Effect on the Apparent Viscosity of Increasing the Total Acid 
at Constant pH 


When the pH is kept constant and the free acid and the salt in- 
creased simultaneously a greater liquefaction is produced as the free 
acid concentration becomes larger, as shown in Fig. 6. Indeed, a coag- 
ulation was obtained with free acid above 0.001 N at pH 5.2. This 
result might be due to the fact that relatively less salt than acid pene- 
trates the cell, so that the intracellular hydrogen ion concentration would 
become greater with the larger amount of acid. On the other hand 
there is an alternative possibility that the buffering capacity of the pene- 
trating acid solution is one of the factors concerned in the magnitude 
of the changes produced. That buffering capacity is of importance 
in these experiments may be inferred from the work of Chambers 
(1928), Reznikoff and Pollack (1928) and Pollack (1928), who find 
that various cells have considerable buffering power, sufficient indeed 
to prevent changes in the colorimetrically determined pH of the hyalin 
protoplasm, within the observational limits of + 0.1 pH, when treated 
with sublethal concentrations of CO,. Hence it would be expected that 


2 See Stewart, Biol. Bull, in press. 
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the production of an acid liquefaction in the present experiments is not 
associated with an equalization of the intracellular and environmental 
pH, but only with a certain shift of the pH of the cell. The degree 
of this shift would be a function not only of the pH itself, but also of 
the buffering capacity of the penetrating components of the medium. 
Consequently, on this basis, one would expect the results obtained in 
this experiment, and such effects cannot be considered as evidence that 
the salt penetrates less readily than the acid. 


A PossiBLE MECHANISM BY WHICH THE SALTS OF PENETRATING ACIDS 
Micut ENTER THE CELL 


The apparent permeability of the cell to the salts of the penetrating 
fatty acids presents a rather surprising contrast to its relative imperme- 
ability to certain other ionized compounds. This situation might be 
due to specific differences in the behavior of the different ions toward 
the cell membrane, but there is no independent evidence that the physical 
properties of the salts of the various acids are related to the physical 
properties of the acid molecules to an extent which would account for 
these physiological peculiarities. 

An alternative explanation may be developed from the following 
considerations. In general, ionized compounds do not penetrate cells 
at all freely, but it is possible that the restrictions to the passage of 
ions in many cases are imposed chiefly on ions of one sign. The ery- 
throcyte, for example, under ordinary physiological conditions, appears 
to be a cell which is permeable to anions and impermeable to cations 
(for references see Warburg, 1922 and Van Slyke, Wu, and McLean, 
1923). The fact that the erythrocyte is freely permeable to ammonium 
chloride and similar ammonium salts has been explained by Jacobs 
(1927) as being due to the free penetration of the cell by NH, and 
subsequent exchange of the internal OH ions for the external anions 
of the salt. With the majority of cells, it is possible that the conditions 
prevailing in the erythrocyte may be reversed, such cells under ordinary 
conditions being more permeable to cations than to anions. The evi- 
dence for other cells is less direct than in the case of the erythrocyte, 
and is chiefly potentiometric, the sign or magnitude of the potentials 
measured across membranes responding to changes in the concentration 
or character of the salt present in the manner which would be expected 
if the anions could not pass through the membrane while the cations 
tended to diffuse. The application of the principles involved has been 
discussed by Michaelis and others (1925, 1927, etc.). Potentiometric 
evidence of this nature has been reported by Loeb and Beutner (1911) 
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and by Fujita (1925) for the apple skin, by Mond (1927) for the wall 
of the stomach, by Amberson and Klein, (1928) for the frog skin, and 
by Sumwalt (1929) for the chorion of the Fundulus egg. Michaelis 
and Fujita (1925) have furnished in addition chemical evidence of 
the permeability to cations and the impermeability to anions of the 
apple skin. It is generally known that a normal surface is positive 
to an injured area in nerve, muscle, and apple, and this sign of the 
demarcation potential is not incompatible with a greater permeability 
of the normal surface to cations than to anions. Furthermore, Mond 
and Amson, (1928), from analyses of perfusing fluids, concluded that 
frog muscle is permeable to certain cations, e.g., K: and Cs’, but is im- 
permeable to chlorides. 

If the Arbacia egg is permeable to certain cations, its apparent per- 
meability to the salts of penetrating acids might result from the en- 
trance of the cell by the organic acid in the undissociated form followed 
by a transfer of cations, the external base being exchanged for the 
hydrogen ion derived from the intracellular dissociation of the acid. 
This process would result in the presence of acid anions and additional 
base inside the cell without an actual transfer of anions across the mem- 
brane. There is evidently an analogy between this mechanism and 
that of the penetration of the anion-permeable erythrocyte by a salt 
whose cation enters in an indirect manner. However, conditions are 


not completely analogous, since the penetration of the erythrocyte by 
ammonium chloride causes marked osmotic swelling, whereas this does 


not appear to be the case in the penetration of the Arbacia egg by po- 
tassium acetate. 


If the transfer of base takes place by an exchange of alkali cations 
from without for hydrogen ions from within, the mobility of the cations 
in passing through the membrane might be the limiting factor in the 
rate at which the intracellular buffering action of the salt becomes mani- 
fest. Michaelis and collaborators (1925-1927) have observed that in 
the dried collodion membrane the mobility differences of the cations 
are greatly exaggerated. Netter (1928), Brooks (1930), and others 
have applied these considerations to explain the accumulation of K by 
many cells as a result of a cation exchange of hydrogen ions, produced 
metabolically, for K ions from the outside rather than for Na ions, since, 
although the latter ions are present in much the greater concentration 
in the environment, their diffusion may largely be restrained by a mem- 
brane which permits the passage of K ions. The presence of a mem- 
brane of this type in Arbacia eggs is suggested by the high ratio of 
K to Na found in the cells in comparison with that in sea water. 
Blanchard (unpublished results) reports a ratio of equivalents of K 
to Na of 1.90 in Arbacia eggs, while in sea water the ratio is 0.0213. 
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If this property of the cells results from characteristics of the mem- 
brane, it would be expected that, in the exposure of the cells to an 
acetate buffer in the balanced saline media, the base transferred would 
be K rather than Na, and that consequently changes in the K concen- 
tration of the medium would affect the rate of entrance of the base, 
and thereby the degree to which a given amount of salt is able to exert 
an intracellular buffering action after short exposures. This was ob- 
served to be the case under the following conditions. Certain amounts 
of 0.05 N NaCl, KCl, or RbCl were added to solutions of acetate buffers, 
with free acetic acid 0.00059 N at pH 5.0, in the usual saline media. 
As already mentioned, variations in K concentration of this magnitude 
in the absence of acetates produced no significant changes in sigma. 
The effects on the degree of liquefaction produced during the first two 
to nine minutes of exposure to such solutions are shown in Table II. 
The results are given in sigma reduced to a common basis by taking 
the values obtained in the high K concentration as twenty sigma. 


TABLE II 


The Effect of Various Cations on the Liquefaction Produced, by an Acetate Buffer 








Concentration of 
chlorides added . Na 
mols /liter 





0.002 35 
0.002 , 

0.01 1 28 
0.004 os —_ 
0.003 32 


In these experiments the absolute differences are small, but the rela- 
tive effects of the cations always appeared in the order given at this 
pH. At higher pH values, where the salt reversal of the pH effect 
occurred, the cation series was in most cases reversed also. However, 
if we consider only the pH range where the salt appears to exert a 
buffering effect which is not complicated by other factors, the degree 
of initial liquefaction produced is in the order Rb<K<Na. After 
longer exposures, there is a tendency for the same equilibrium point 
to be reached, but this is not maintained for over twenty minutes in 
some cases. It will be noted that the series obtained is compatible 
with the view that the degree to which the salt is able to buffer the 
acid intracellularly during the first few minutes of exposure, and there- 
fore the rate of penetration of the salt, increases with the amount of 
the more highly mobile cations present. Although physical properties 
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other than mobility may be concerned, nevertheless the effect is sug- 
gestive of an actual penetration of base rather than a removal of acid 
as suggested by Smith. 

When the amounts of acetate in the medium are as high as 0.1 
molar, such a cation exchange would probably result in an abnormally 
great accumulation of K in the cell relative to Ca. Chambers and Rezni- 
koff (1926) have observed that the injection of NaCl or KCl into cells 
causes a liquefaction, whereas Ca causes a coagulation. This obser- 
vation suggests that the liquefaction produced by the acetate salt may 
be due, in part at least, to the accumulation of K. 


DIscusSsION 


Evidence has been presented that the salts of penetrating acids are 
able to enter sea urchin eggs within four minutes or less, although 
certain other ionized compounds are apparently not able to penetrate 
these cells. The evidence is based on the observation that the salt of 
a penetrating acid alters the degree to which the acid is able to affect 
the apparent viscosity of the protoplasm, an effect presumably exerted 
by virtue of the influence of the acid-salt mixture on the intracellular 
hydrogen ion equilibria. 

This evidence of the penetration of cells by the salts of penetrating 
acids supports the conclusions arrived at by Smith with other methods 
on marine ova and cardiac muscle, and by Haywood on skeletal muscle, 
so that this type of permeability seems to be found in a certain variety 
of cells. These findings differ from those of Jacobs, Lillie, Osterhout, 
and others on a number of other cells, and it seems reasonable to suppose 
that the different results may be due to rather considerable differences 
in the relative rates of penetration of certain acids and*their salts into 
the various types of cells ig question. Since, however, it was noted 
by Jacobs that the differential effects produced by CO,-bicarbonate 
mixtures on Symphytum and on starfish eggs tended gradually to dis- 
appear, the difference is probably only a quantitative one. This view 
is substantiated further by the observation of M. M. Brooks (1923) 
that bicarbonate penetrates into Valonia after eighty minutes’ exposure. 
Lillie’s observations on starfish eggs were limited to exposures of five 
to fifteen minutes, and under these conditions the pH of the medium 
usually seemed to be a less important factor physiologically than the 
changes in the concentration of acid available for diffusion into the cell; 
however, the experiments do not exclude the possibility of the penetra- 
tion of salt. 


The present observations of the effects of acids on protoplasmic 
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viscosity have been discussed in terms of permeability. It has been 
shown by other authors that many organic acids diffuse through certain 
living tissues where mineral acids do not. Since organic acids applied 
externally cause color changes in granules stained by indicators in marine 
ova although mineral acids do not have this effect, it is probable that 
the fatty acids actually penetrate. If fatty acid enters marine ova, it 
is assumed, until proven otherwise, that the salt penetrates and buffers 
the acid directly in the cell, rather than that it acts from a distance in 
some unknown manner. Strictly, the term penetration has only the 
justification of being a convenient description of the selective physio- 
logical reactivity with which the present study is concerned. 


SUMMARY 


The effects of the pH of the medium on the apparent viscosity 
of Arbacia eggs have been studied by means of an adaptation of the 
centrifuge method. 

It was found that the degree to which fatty acids decrease the 
protoplasmic viscosity can be altered by the presence of the salt of the 
acid, apparently by virtue of the influence of the salt on the intracellular 
hydrogen ion equilibria. Similar pH variations of the medium produced 
by mineral acids do not affect viscosity. 

These results offer confirmation, from a separate type of evidence, 
of Smith’s observation that the salts of penetrating acids differ from 
other ionized compounds in apparently being able to penetrate the living 
cell much more easily. It is suggested that cell permeability to this 
type of salt could be explained as resulting from a cation exchange of 
external base for internal hydrogen ions from the penetrating acid, the 
entrance of the salt therefore being accomplished without the direct 
transfer of its anions. 


It is a pleasure to acknowledge my indebtedness to Dr. M. H. Jacobs 
for the suggestion of this problem, advice during its development, and 
careful criticism of the manuscript. 
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THE PERMEABILITY OF THE ARBACIA EGG TO NON- 
ELECTROLYTES 


DOROTHY R. STEWART 


(From the Department of Physiology, University of Pennsylvania and the Marine 
Biological Laboratory, Woods Hole, Massachusetts) 


I 

The most extensive systematic studies of the permeability of cells 
to dissolved substances have been made upon plant material. Par- 
ticularly noteworthy in this connection is the work of Overton (1895, 
1907) and of Barlund (1929) (see also Collander and Barlund, 1926). 
Among animal cells the mammalian erythrocyte has proved to be espe- 
cially useful and has been most frequently employed (Gryns, 1896; 
Hedin, 1897; Hamburger, 1902; Mond and Hoffman, 1928; Fleisch- 
man, 1928, and others). Because of the highly specialized nature of 
this latter type of cell, however, it is desirable, before using the results 
obtained with it as a basis for extensive generalizations, to supplement 
them with similar observations upon a variety of other animal cells. 
The present paper deals with experiments upon the relative rates of 
penetration of nineteen different non-electrolytes into a cell of animal 
origin whose permeability to dissolved substances has not hitherto been 
systematically studied, namely, the egg of the sea urchin, Arbacia 
punctulata. 

Among the peculiarities which make the Arbacia egg a suitable form 
of material for such investigations are its spherical shape, which permits 
a study of permeability by direct measurements of volume changes, its 
convenient and almost uniform size, its even and not too rapid rate of 
swelling, and the large numbers in which it may be obtained from a 
single female. Its chief disadvantage lies in the amount of inert yolk 
material which it contains. This cell was first employed for perme- 
ability studies by Lillie (1916), who compared the rates, before and 
after fertilization, at which water entered the egg from anisotonic solu- 
tions. Further extensive work upon its permeability to water, under 
a variety of conditions, has been done by McCutcheon and Lucké (1926 
and subsequent papers in the same journal). 

Though the present investigation is concerned primarily with the 
penetration of dissolved substances rather than of water, the actual 


nature of the observations is the same in the two cases, consisting in 
152 
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measurements of the progressive changes in the diameter of the eggs 
during the course of the experiment. In the work of the previous in- 
vestigators the movement of water, and the volume changes incident 
to this movement, were determined solely by the initial osmotic differ- 
ences between the eggs and the surrounding solution. In these experi- 
ments there are, in addition, such further osmotic inequalities as are 
set up by the diffusion of the dissolved substance into the eggs. 

According to the experimental procedure employed, the volume 
changes accompanying penetration of a solute may be of two types. 
The first involves swelling in a pure solution of a penetrating substance 
and should theoretically continue indefinitely, but actually results in the 
eventual cytolysis of the egg. The second occurs in solutions containing 
both penetrating and non-penetrating substances; in it, following a 
preliminary shrinkage, the swelling continues until the cells have at- 
tained an equilibrium volume determined by the concentration of non- 
penetrating substances in the solution. 

In Fig. 6A are represented typical curves of the former type, ob- 
tained by exposing eggs to solutions of ethyl and methyl alcohols ap- 
proximately isosmotic with sea water. They illustrate the rapid and 
continued swelling of the eggs in a pure solution of a readily penetrat- 
ing substance. Figure 6B, for the same substances dissolved in sea 
water, represents the other type of volume change which occurs in solu- 
tions that are initially hypertonic, due to the addition of some non- 
penetrating substance. Both types of procedure have been used in the 
present experiments, but the second has been found to be more generally 
satisfactory. 

The actual technique used in handling the eggs in these experiments 
was essentially that described by McCutcheon and Lucké (1926). Eggs 
from a single female were obtained with due care to avoid contamination 
by either sperm or intestinal debris. They were rinsed several times 
in filtered sea water and allowed to stand, without crowding, in dishes 
set in running sea water. From these they were removed, as needed, by 
means of a capillary pipette. Ordinarily about 100 eggs, in the smallest 
possible quantity of sea water, were used for each experiment. All 
measurements were made at room temperature, which varied from 21° 
to 25° C. during the summer, but not over a degree on any given day. 
The temperature of the running sea water in which the eggs were set 
averaged slightly lower, varying from 20.5° to 23° C. 

In each experiment a watch-glass containing 7 to 8 cc. of the solution 
to be tested was placed on the mechanical stage of a microscope, the 
eggs introduced by means of a capillary pipette, and the water immersion 
lens quickly focussed. A group of five spherical eggs was selected and 
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their diameters recorded by means of a filar micrometer. The total 
magnification afforded by the system used was 188 diameters. The 
eggs in each group were always measured in the same order and at as 
nearly equal time intervals as possible. Eggs which were not changing 
markedly in size could be measured with an error of no more than 
0.7 per cent of their total diameters, and even if readings were taken 
at maximum speed on rapidly swelling eggs, the error was not greater 
than twice this amount. 

The necessary pH determinations were made colorimetrically, using 
phenol red and bromocresol purple as indicators. It was not always 
possible to keep the reaction of a given solution constant during an 
experiment, but readings were taken at the beginning and end of each 
series and the results were discarded if the variation was found to be 
too great. The eggs do not seem to be osmotically sensitive to small 
changes in pH, as such, in regions not far removed from neutrality, so 
that a variation of about 0.2 of a pH unit in half an hour was considered 
allowable. No correction was made for the salt error of the indicators, 
since it was merely desired that solutions which were to be compared 
should be made up to reproducible pH values. 

The experimental results have been presented in the form of curves, 
plotting diameter against time. Each point on a curve represents the 
average diameter of the five eggs under observation at that time. All 
the curves in any single figure were obtained on the same day and with 
eggs from the same female. Since volume is a function of diameter, 
the latter was used in plotting the curves in order to avoid laborious cal- 
culations. Actual figures for the volumes were obtained, however, for 
the preparation of Table I. 

Since the eggs deteriorate on standing, only a limited number of 
experiments can be done on those from any single female. On the other 
hand, different lots of eggs vary enough in their size and permeability 
so that results on material from different animals cannot fairly be 
compared. As a result of these difficulties, the relative rates of pene- 
tration of a long series of compounds can be arrived at only by piecing 
together the results of a number of shorter, overlapping series. 

Even in the same lot of eggs it is desirable, where accurate com- 
parisons are to be made, that the particular group selected for measure- 
ment in each solution shall agree in average initial size and final equi- 
librium volume. Since the eggs in each set must be selected at random 
in a very short time, and averages cannot be obtained until the end of 
the experiment, it frequently happens that the observations must be 
repeated several times before an unobjectionable comparison is possible. 
The discarded results are not a total loss, however, since, while they 
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are not in themselves conclusive, they furnish a certain amount of 
confirmatory evidence. A considerable number of experiments of this 
type have been performed but are not reported in this paper, though 
their results are in general agreement with those actually cited. 

The best method of presenting the experimental data would ob- 
viously be by the use of complete swelling curves. Since it is impossible, 
however, to reproduce here more than a few of the curves that have 
been obtained, it has seemed best to make comparisons of the times 
required in different solutions for the eggs to reach some arbitrary 
degree of swelling. A convenient volume increase for most substances 
is that represented by a size halfway between the initial and equilibrium 
volumes; for more slowly penetrating substances 5 per cent or 20 per 
cent increases have sometimes been employed. While this method of 
presenting the results admittedly leaves something to be desired, it 
should be remembered that in every case the entire ‘curve has been 
plotted and used as a basis for the conclusions drawn with regard to the 
behavior of the various substances. 


II 


The results of the most conclusive experiments on the relative rates 
of penetration of different substances are presented in tabular form 
in Tables I, II, III and IV. Additional features of a few of the ex- 
periments are shown graphically in Figs. 1 to 6, inclusive. In the fol- 
lowing more detailed description of these results the various substances 
studied are grouped according to their chemical relationships. 


1. WATER 


(50 experiments.) Experiments involving the entrance of water 
alone were run frequently to serve as controls for those with other 
substances. In Fig. 4 and in Tables I, II and III are given the results 
of a number of such experiments. They showed comparatively slight 
variation from day to day during two successive summers, the time 
for swelling halfway to equilibrium in 60 per cent sea water averaging 
very close to four minutes, with maximum variations of from 2.6 to 
5.8 minutes. These figures agree well with those obtained by Mc- 
Cutcheon and Lucké (1926) under similar experimental conditions. 


2. Monouypric ALCOHOLS 


The two monohydric alcohols that were tested both entered Arbacia 
eggs with great ease. Cells placed in molar solutions of methyl and 
ethyl alcohols in distilled water doubled their volumes in three or four 
minutes (Fig. 6). If the alcohols were dissolved in sea water, swelling 
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Fics. 1-6: The swelling of Arbacia eggs in various solutions. The abscisse 
are times in minutes; the ordinates are diameters in arbitrary units, each of which 
is equal to 1.0644. Each point represents the average diameter of five eggs except 
in a few instances when ten eggs were measured. In all the experiments except 
1 and 6A there was a ten-minute preliminary shrinkage of the eggs in a solution 
of glycerol made up in the same way as the solution to be tested. pH 8.2 

1. Glycerol (@), erythritol (<) and dextrose (©); molar solutions made 
up in 60 per cent sea water. Fertilized eggs, ten eggs measured for each point. 

2. Ethylene glycol (@), urea (O) and glycerol (); molar solutions in 
60 per cent sea water. 

3. Monacetin (@), diacetin () and glycerol! (O); molar solutions in sea 
water. Solutions brought to approximately pH 7.0. 

4. Butyramide (), propionamide (@) and acetamide (A), made up to half 
molar concentration in 60 per cent sea water; (©) 60 per cent sea water alone. 
The two breaks in the butyramide curve correspond to times when abnormalities 
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was also rapid, being faster than for glycerol, urea, ethylene glycol, 
acetamide or formamide, and at about the same rate as that for monacetin 
or for water alone. Some of the more toxic compounds such as 
ethylene glycol mon- and diacetates, diacetin and monochlorhydrin 
seemed to show a more rapid penetration, but this was perhaps due to 
injury effects on the eggs. 

Methyl Alcohol (16 experiments) regardless of solvent, invariably 
entered the eggs more slowly than did ethyl alcohol, though the differ- 
ences were slight (Fig. 6). In molar solutions in distilled water the 
average of the experiments gave, for the times necessary for a 50 per 
cent increase in volume, 2.9 minutes for ethyl and 3.9 minutes for 
methyl alcohol (Table [V). Another experiment in which molar solu- 
tions in distilled water were used gave values of 4.1 and 3.2 minutes, 
respectively (Table I). 

Ethyl Alcohol (10 experiments), as just mentioned, gave a rate of 
swelling slightly greater than that for methyl alcohol. Sometimes this 
rate appeared to be even faster than that for water alone; in any case, 
it was not significantly slower. 


3. Di- AND PoLyHypric ALCOHOLS 


Three alcohols belonging to this group were studied and were found 
to be slower in their rates of penetration than the monohydric alcohols ; 
they covered the range from moderately rapid entrance to apparently 
none at all, as the size of the molecule and number of polar OH groups 
were increased. 

Ethylene Glycol (70 experiments) is the most satisfactory to work 
with of all the compounds tested, since it seems to be entirely non-toxic 
to the eggs when dissolved in sea water and only very slightly so in other 
solvents. It has been used in solution in sea water, 60 per cent sea water, 
M/3 CaCl,, M/2 KCl, M/2 NaCl and distilled water. Its rate of pene- 
tration is intermediate between that of substances such as glycerol or 
urea, which enter very slowly, and those of the large group of rapidly 
penetrating substances of which ethyl alcohol and diacetin are typical. 
In solutions made up in 60 per cent sea water approximate equilibrium 
is attained in about two hours, a period long enough so that the swelling 
process can be studied in detail. The rate of penetration from sea water 


occurring in the original eggs necessitated shifting the observations to different 
individuals. 

5. Fertilized (@) and unfertilized (©) eggs in ethylene glycol made up to 
molar concentration in 60 per cent sea water; fertilized () and unfertilized 
(A) eggs in 60 per cent sea water alone. 

6. Ethyl (©) and methyl ( X) alcohols. A, molar solutions pH 7.0; B, molar 
solutions in sea water. 





158 DOROTHY R. STEWART 


solutions has been compared with that of each of the other substances 
investigated. Of the results obtained, two sets which permit com- 
parisons with the very slowly penetrating urea and glycerol (Fig 2) 
and with water (Fig. 5) have been reproduced in graphic form. 

Because of their almost identical molecular weights, it is interesting 
that the rates for urea and ethylene glycol should be very different, a 
20 per cent increase in volume in one experiment (Table 1) requiring 
4.8 minutes for ethylene glycol and 100 minutes for urea. In another 
experiment a 5 per cent increase in volume occurred in about two min- 
utes in the one case and in thirty-six minutes in the other. A number 
of additional experiments are included in Tables I, II, III and IV, cov- 
ering comparisons between ethylene glycol and fourteen other com- 
pounds. It will be seen that the time required to swell halfway to equi- 
librium in molar solutions of ethylene glycol in sea water varied con- 
siderably, i.c. from 7.5 to 29.5 minutes, and averaged about twenty 
minutes as compared with an estimated time of possibly as many hours 
for glycerol and one to five minutes or less for most of the other 
compounds. 

Glycerol (18 experiments) penetrates Arbacia eggs slowly, but at 
a measurable rate, as is shown in Fig. 1. The eggs cease to swell in 
hypotonic sea water in about an hour, but with glycerol present in the 
external solution they do not live long enough to attain their equilibrium 
volume; apparently more than twenty-four hours would be needed for 
the completion of the process. Several of the experiments summarized 
in Table I give actual figures for the times necessary to increase the 
volumes of the eggs by a definite amount in glycerol solutions, as com- 
pared with the corresponding values for water, formamide, acetamide, 
urea and ethylene glycol. It will be observed that of these substances 
glycerol is by far the most slowly penetrating, an hour being required 
in its solutions for a 5 per cent increase in cell volume, which occurs 
in less than half of that time in urea solutions and in less than three 
minutes in water or in solutions of formamide, acetamide or ethylene 
glycol. 

Erythritol (3 experiments), the highest member of the series of 
polyhydric alcohols studied, does not enter Arbacia eggs to an appreci- 
able extent either from pure solutions or in the presence of salts, during 
an exposure of five hours (Fig. 1). 


4. SuBsTITUTION Propucts oF GLYCEROL AND ETHYLENE GLYCOL 


The replacement of one or more OH groups in glycerol by either 
a chlorine atom or by an acetic acid radical greatly increases the ease 
with which the compound enters Arbacia eggs, but at the same time in- 
creases its toxicity to the eggs. 
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Monacetin (9 experiments), in which one OH group of glycerol 
has been so replaced by an acetic acid radical, is the least toxic of the 
substitution products that were tested. The effect of the substitution 
in question is most striking, the time required for a 20 per cent increase 
in volume being reduced from an average value of 250 minutes to one 
of approximately two minutes. Monacetin enters eggs far more easily 
than ethylene glycol but somewhat more slowly (i.e., one and one-half 
to two times) than diacetin (Fig. 3). The experimental results ob- 
tained varied so much that it was impossible to compare its behavior 
quantitatively with that of the monohydric alcohols. It appeared on 
the whole to penetrate more slowly than ethylene glycol mon- and 
diacetates, or than monochlorhydrin, all of which are rather toxic 
substances. 

Diacetin (17 experiments). The addition of a second acetic acid 
radical still further increases the ease of penetration of the Arbacia 
egg. When made up in sea water, the rate of penetration of diacetin 
is very close to that found for ethyl alcohol, ethylene glycol mon- and 
diacetates and faster than that for monochlorhydrin and monacetin. 
It is also faster than that of any of the amides. The complete series: 
glycerol << monacetin<diacetin is represented in Fig. 3. 

Monochlorhydrin (4 experiments). In this compound a chlorine 
atom replaces one hydroxyl group of glycerol, thereby increasing the 
penetrating power of the substance to an extent almost exactly the same 
as with monacetin. Monochlorhydrin is more toxic than monacetin, 
however, and this may perhaps account for part of the increase (Table 
ITT). 

Ethylene Glycol Monacetate (4 experiments) and Ethylene Glycol 
Diacetate (2 experiments) were both tested, but satisfactory results 
could not be obtained because of their toxicity. It seems probable that 
they both penetrate rapidly, though not so readily as the figures in Tables 
III and IV would seem to indicate, since any toxic effect increases the 
apparent rate of penetration. 


5. SUGARS 


Experiments with these compounds were difficult to perform in the 
usual manner since the eggs tended to float in the solutions. By using 
sufficiently dilute solutions of the sugars in sea water, however, it was 
possible to show that no measurable penetration occurred. 

Sucrose (3 experiments), as far as could be judged from such 
measurements of diameter as are possible on floating eggs, failed to 
enter the cells from a pure molar solution. It also gave no evidence 
of penetration when made up to lesser concentrations in sea water. 

Dextrose (7 experiments). Experiments with this substance were 

11 
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continued for eight hours or more without any trace of its penetration 
either in the presence or in the absence of salts in the external solution 
(Fig. 1). 

6. AMIDES 

The four amides used form an instructive homologous series; but, 
unfortunately, they prove to be rather difficult to work with. When 
molar solutions in distilled water are used, toxic effects invalidate the 
results. If the solvent is 60 per cent sea water, then it is necessary, 
in order to make the comparison a fair one, that all of the curves should 
end at the same equilibrium volume. Ordinarily this can be accom- 
plished by simply repeating any experiment which does not come out 
at the proper level, but with the amides there are further difficulties 
of a chemical nature which may now be mentioned. 

Formamide (33 experiments), in particular, gives solutions which 
are strongly acid in reaction. Adjustment of the pH necessitates the 
addition of so much NaQOH that the concentration of non-penetrating 
substances in the external solution is definitely increased and the volume 
of the eggs at equilibrium correspondingly decreased. In one experi- 
ment in which the equilibrium value in a so-called molar solution of 
formamide in 60 per cent sea water was compared with those for a series 
of various dilutions of sea water, it was found that the final volume 
of eggs in the formamide solutions was the same as that in 68 per cent 
sea water instead of 60 per cent. On the other hand, if the solution 
is diluted so that its osmotic pressure is correct, then the concentration 
of formamide is decreased. Because of these difficulties, it is impos- 
sible to compare this substance satisfactorily with the other compounds. 
The figures given in Tables I, II and IV show the considerable varia- 
tion that occurs. At times formamide seems to enter the eggs more 
rapidly than acetamide, but in other experiments more slowly. 

Acctamide (17 experiments) gives solutions which are somewhat 
acid, but it does not present the extreme difficulties that were encountered 
with formamide. The penetration of acetamide was found to be more 
rapid than that of glycerol, urea and ethylene glycol, but slower than 
that of any of the other compounds studied, with the possible exception 
of formamide. The time required to reach the halfway point on the 
swelling curve is about ten minutes for molar solutions of this substance 
in 60 per cent sea water—a value only half of that for ethylene glycol 
(Tables I, II and IV), but nearly twice that ordinarily obtained with 
the least toxic of the more rapidly penetrating substances such as the 
monohydric alcohols. 


Propionamide (11 experiments) enters Arbacia eggs more rapidly 
than acetamide (Tables I and II; Fig. 4) but at a slower rate than 
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butyramide. It has not been compared directly with any compounds 
except the other amides and water, but the average values for the time 
in minutes for reaching a point halfway to equilibrium in such series 
was found to be: water, 4.5; butyramide, 4.9; propionamide, 6.3; 
acetamide, 10.3. Formamide is omitted from the series for the reasons 
already mentioned. 

Butyramide (7 experiments) enters the eggs at a rate which is con- 
sistently faster than that for propionamide. Swelling in its solutions 
is, however, noticeably slower than in water alone. Results such as 
are given in Fig. 4 have been duplicated several times. Additional 
experiments are given in Table II. 


7. AMINo AcIps 


Glycocoll (4 experiments). Eggs left for twelve hours in solutions 
of glycocoll made up in 60 per cent sea water failed to show any in- 
dications of swelling. 

8. OTHER CoMPOUNDS 


Urea (27 experiments) penetrates at a rate which is much the same 
as that of glycerol, though usually not quite so slow. The lower curves 
in Fig. 1 illustrate the swelling of the eggs in solutions of these two 
substances and Table I gives the actual times necessary for 5 per cent 
and 20 per cent increases in volume in solutions of each substance. Jt 
must be remembered in interpreting these figures that the slopes of 
the curves are very slight and small differences in slope will mean 
large differences in the times required to reach a given volume. Table 
I also gives comparative values for urea and water, formamide, acetamide 
and ethylene glycol. In Table III, additional comparisons are made, 
but urea experiments could not be continued long enough to obtain 
comparable figures. 

The general behavior of urea is not that of an inert substance. 
Instead, it acts as if it had a definite effect, either on the membrane 
or on the protoplasmic consistency of the egg. Most of the eggs placed 
in pure urea solutions (molar in distilled water) lose their spherical 
shape after 20 to 50 minutes and become distinctly irregular. Later, 
“‘ pseudopodia ” may form and the egg may move much as an amoeba 
does. After a time it usually rounds up and becomes perfectly spherical 
again—only perhaps to put out “‘ pseudopodia ” once more, after a little 
while. This peculiar behavior of the eggs is considerably less marked 
if the urea solution is made up in sea water. 

Ethyl urethane (3 experiments). This substance is so toxic to the 
eggs that no satisfactory results could be obtained with it. It probably 
penetrates rapidly. Reference to one experiment which was fairly 
good is made in Table I. 
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TaBLeE II 


Time in minutes required for eggs to swell to a point halfway between their 
initial and equilibrium volumes. Substances made up to half molar strength in 
sea water. 








Date Water Binetene Formamide Acetamide | Propionamide | Butyramide 


7/12/29... 5.8 23.5 


7/18/29... 3.5 6.2 





7/19/29... 5.0 








7/20/29. . 5.8 





8/10/30. . 


8/11/30... 








8/12/30... 





8/13/30... 





8/15/30... 





8/16/30... 




















+ Eggs not swelling to the same equilibrium volume as in other solutions. 


Taste III 


Time in minutes required for eggs to swell to a point halfway between their 
initial and equilibrium volumes. ( ) time required for a 5 per cent increase in 
size. Substances made up to molar strength in sea water. 


Glycol 
Glycol 


Monacetate 
chlorhydrin 


Ethylene Glycol 
Diacetate 


Methyl Alcohol 
Ethyl Alcohol 
Glycerol 
Monacetin 
Diacetin 
Ethylene 
Ethylene 
Formamide 
Acetamide 


Mono- 








| | | 
1} 1.7 | 1.0?) 6.74] ? | 2.8 rs) 


_ 
an 
un 





oO 
~ 


| 1.7 4.14 >? | 2.7 | (36) 
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TABLE IV 


Time in minutes required to increase volume of eggs 50 per cent. Molar solutions. 


Methyl Alcohol 
Ethyl Alcohol 
Ethylene Glycol 
Ethylene Glycol 
Monacetate 
chlorhydrin 


Acetamide 


Glycerol 
Monacetin 
Diacetin 
Formamide 


aT 





| 8/13/29...... 


The eggs were first shrunk in a similar solution of glycerol in all experiments 
except: 


Table I Table II Table IV 


7/12/29 7/12/29 7/8/29 
7/10/30 8/5/29 
7/13/30 8/6/29 
7/20/30 8/7/29 
7/21/30 
7/24/30 
8/ 9/30 


Ill 


The results that have been presented are, on the whole, in good 
agreement with those of Overton (1895, 1907), Barlund (1929), and 
others, on plant material. Certain substances, such as sucrose, dextrose, 
erythritol and glycocoll, fail to enter either plant cells or Arbacia eggs 
to an appreciable extent. Others penetrate at a measurable, but slow, 
rate. Glycerol and urea belong to this group. A third group of sub- 
stances, including ethylene glycol, acetamide, and perhaps formamide 
and propionamide, penetrate both types of cells readily but at a rate 
somewhat slower than that which is characteristic of the remaining 
compounds. With the plant cells ethylene glycol enters even more 
rapidly than propionamide, but with Arbacia eggs it is the slowest of 
the four substances. A possible explanation of this difference will be 
discussed later. 

The group of compounds which penetrate the Arbacia egg most 
rapidly includes butyramide, methyl and ethyl alcohols, monacetin and 
diacetin, and a number of other substances whose ready penetration 
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may be due in part to toxic effects upon the cells. Of the substances 
in this group, monacetin appears to behave somewhat differently with 
plant cells, its rate of penetration into the cells of Rhoeo, according to 
Barlund, being of the same order of magnitude as that of glycerol, 
though distinctly more rapid. 

The results with Arbacia eggs are also in general agreement with 
those of Mond and Hoffmann (1928) for ox corpuscles, the chief dif- 
ference in the two cases being in the very ready permeability of the 
erythrocytes to urea, which has also been noted by other workers, as 
compared with the slight permeability of the eggs. 

As to the factors governing the permeability of the Arbacia egg, 
there have been found in this work no exceptions to Overton’s principle 
that high lipoid solubility of a compound is associated with rapid pene- 
tration. As examples of the applicability of this principle the following 
series of closely related compounds, in which lipoid solubility and rate 
of penetration run parallel, may be mentioned : 


glycerol < monacetin < diacetin. 
acetamide < propionamide < butyramide. 
methyl alcohol<ethyl alcohol. 


It is probable, however, that factors other than lipoid solubility are 
also significant. Of such factors, the size of the molecule, especially 
of substances of low lipoid solubility, is thought by a number of workers 
to be of much importance. Barlund (1929) and Mond and Hoffmann 
(1928) have even gone so far as to estimate the molecular size below 
which penetration is possible regardless of lipoid solubility. Expressed 
in terms of molecular refraction, which they accept as an approximate 
measure of molecular size, the critical values given are 15 for Rhoeo 
cells and 25 for the ox erythrocyte, respectively. 

The substances of low lipoid solubility whose behavior with the 
Arbacia egg has been tested, arranged in the order of their molecular 
weights (the order of their calculated molecular refractions, according 
to Barlund, is almost the same), are: sucrose, dextrose, erythritol, gly- 
cerol, glycocoll, ethylene glycol, urea, acetamide and formamide. Of 
these, the Arbacia egg is impermeable, or practically so, to all down to 
and including erythritol, slightly permeable to glycerol, impermeable to 
glycocoll, fairly permeable to ethylene glycol, much less so to urea and 
most permeable of all to acetamide and formamide. 

While there is in this series a general parallelism between molecular 
weight (and molecular refraction) and penetrating power, two com- 
pounds in particular, glycerol and ethylene glycol, stand out of their 
proper positions. As a matter of fact, these compounds, though not 
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freely lipoid-soluble, do possess such solubility in a higher degree than 
their immediate neighbors in the series and it is not improbable that 
their behavior may be due to this fact. The more rapid penetration 
frequently obtained with formamide, the substance of lowest molecular 
weight and molecular refraction in the list, as compared with that of 
the somewhat more lipoid-soluble acetamide, might be used as evidence 
of the importance of molecular size, were it not for the toxicity of the 
former substance and the difficulties mentioned above, connected with 
its use. 

It has already been mentioned that ethylene glycol enters Arbacia 
eggs at a rate which is relatively slower than that at which it penetrates 
cells of Rhoeo discolor. This fact is of interest chiefly because the 
molecular refraction of ethylene glycol, i.e. 14.4, is very close to the 
critical refraction of 15 which Barlund believes marks the upper limit 
in the size of molecules which can penetrate the plant cells by way of 
pores. Since ethylene glycol enters cells of Rhoeo more rapidly than 
does propionamide, the smaller size of its molecule may perhaps more 
than compensate for the greater lipoid solubility of the latter substance. 
But with Arbacia eggs the much slower penetration of ethylene glycol 
than of propionamide might perhaps suggest that its entrance by way 
of pores is distinctly limited and that if such pores are present in this 
type of cell their diameter averages somewhat less than that for the 


cells of Rhoeo. In general, it appears that for Arbacia eggs lipoid 
solubility is definitely an important factor in determining the rate at 
which any substance enters the cells. Molecular size also probably 
plays a part, though the evidence which has been obtained on this point 
is not considered to be conclusive. 


IV 


It was shown by Lillie (1916) that fertilized eggs of Arbacia swell 
more rapidly in hypotonic and shrink more rapidly in hypertonic sea 
water, than unfertilized eggs from the same female. These results 
were interpreted as indicating an increase in permeability to water fol- 
lowing fertilization. Since no attempt appears to have been made to 
determine whether dissolved substances behave similarly, a number of 
experiments of the sort previously described were carried out with 
ethylene glycol. 

In order that the results of such experiments may be strictly com- 
parable, the various groups of cells must all approach the same average 
equilibrium volume. As mentioned above, it is not easy to select 
quickly, and without previous measurement, different groups which will 
de this exactly. It is necessary, therefore, to repeat the experiments 
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until a suitable comparison can be made. As a consequence of this 
unavoidable difficulty only three sets of experiments, out of a much 
larger number actually performed, gave results which were considered 
to be entirely satisfactory. These experiments form the basis for Table 
VI and Fig. 5. 

In Fig. 5 are represented the swelling curves obtained in one such 
experiment with fertilized and unfertilized eggs from the same indi- 
vidual, in 60 per cent sea water and in a molar solution of ethylene 
glycol in 60 per cent sea water. In each case there had been a prelim- 
inary shrinking of the eggs for ten minutes in a glycerol solution made 
up to the same concentration as the ethylene glycol, in order that no 
shrinkage should occur during the experiment proper. Within such a 
short period glycerol behaves practically as a non-penetrating substance. 

It will be observed that in both solutions swelling is decidedly more 
rapid with fertilized than with unfertilized eggs. In the case of the 
hypotonic sea water, in accordance with Lillie’s view, this may be 
interpreted as indicating a greater permeability of the fertilized eggs 
to water. But the fact that swelling in the ethylene glycol solution is 
faster with fertilized than with unfertilized eggs is not in itself a proof 
that the solute enters more rapidly in the former case, since the ob- 
served rate of swelling depends upon the rate of penetration of water 
as well as upon that of the solute. 

A mathematical attempt to separate the effects of the respective 
rates of penetration of the solute and solvent in cases such as this has 
recently been made by M. H. Jacobs and will be published elsewhere. 
In the meantime, the data already obtained may be compared roughly 
by referring to Table V, in which are shown the times required for 


TABLE V 


A comparison of the times, in minutes, required by unfertilized and fertilized 
eggs to swell to a volume halfway between their initial and equilibrium volumes 
when placed in 60 per cent sea water and in ethylene glycol made up to molar con- 
centration in 60 per cent sea water. 











Unfertilized 
Unfertilized Fertilized 


Substance Eges Eggs 


Fertilized 


7/10/30 Water 5 2. $3 
Ethylene glycol é J a 


9 
1 





7/13/30 Water 
Ethylene glycol 


7/16/30 Water 
Ethylene glycol 
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fertilized and unfertilized eggs to reach a volume halfway between their 
initial and equilibrium volumes, where swelling involved (a) the en- 
trance of water alone, and (b) the entrance of both water and solute. 
The ratios for the times in question for unfertilized and fertilized eggs 
are given in column 5. It will be observed that the ratio for the ethylene 
glycol solution is in each case greater than that for water alone. In 
other words, there is, with ethylene glycol present, a proportionately 
greater decrease in the time required for a given volume change after 
fertilization than is found in its absence. This evidence, as far as 
it goes, would seem to indicate an increased permeability to ethylene 
glycol itself, though the differences in the observed rates are not very 
large. 

Attempts to carry out similar experiments with other substances 
were not entirely successful. It was fairly definitely determined, how- 
ever, that the increase in permeability which presumably occurs upon 
fertilization was not sufficiently great to permit a measurable penetration 
into fertilized eggs of substances such as glycocoll, erythritol and dex- 
trose to which the unfertilized egg appears to be almost or entirely 
impermeable. 

It is a pleasure to acknowledge my indebtedness to Dr. M. H. Jacobs, 
at whose suggestion this work was begun and under whose direction 
it has been carried on; and to Dr. Balduin Lucké for his kindness in 
demonstrating his methods of handling and measuring the eggs. 


SUMMARY 


1. The permeability of the Arbacia egg has been tested by following 
the volume changes which occur in solutions of nineteen non-electrolytes. 

2. The general behavior of this type of cell agrees fairly closely 
with that of the plant cells studied by Overton and by Barlund and, 
to a somewhat lesser extent, with that of the mammalian erythrocyte. 

3. No exception has been found to the principle that compounds 
which are freely lipoid-soluble readily penetrate the Arbacia egg. In 
the case of substances which are only slightly lipoid-soluble, the size 
of the molecule appears to be of importance, but unequivocal evidence 
on this point is difficult to obtain because of the existence of complicating 
factors of various sorts. 

4. Some evidence has been obtained that following fertilization there 
is an increase in permeability to ethylene glycol. 
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THE PERMEABILITY OF THE ARBACIA EGG TO AM- 
MONIUM SALTS 


DOROTHY R. STEWART 


(From the Department of Physiology, University of Pennsylvania, and the Marine 
Biological Laboratory, Woods Hole, Massachusetts) 


I 


Salts, as a rule, appear to penetrate living cells with considerable 
difficulty. A striking exception to this behavior is found in the case of 
many ammonium salts which are known to enter mammalian erythro- 
cytes with the greatest ease. (Gryns, 1896; Hedin, 1897). Jacobs 
(1927) has offered an explanation of this unusual property of the am- 
monium salts which is based on the behavior of the products of their 
hydrolysis in aqueous solutions. In the case of NH,Cl, for example, 
the products of hydrolysis are largely undissociated ammonia, which 
enters all cells with the greatest ease, and highly dissociated hydrochloric 
acid, one of whose ions, Cl’, is capable of being exchanged through the 
anion-permeable wall of the erythrocyte for OH’. The final result is a 
gradual accumulation within the cell of the salt in question, leading 
eventually to hemolysis. Other cells, which lack the pronounced specific 
permeability to anions that characterizes the erythrocyte, would not be ex- 
pected to accumulate ammonium chloride, but only small quantities of 
free ammonia. In accordance with this view Jacobs finds that Arbacia 
eggs do not swell in isotonic solutions of ammonium chloride, the amount 
of ammonia which must penetrate in order to establish equilibrium with 
the external solution being too small to cause an appreciable volume 
change. 

With the ammonium salts of the lower fatty acids, however, the 
situation is somewhat different. These salts form, upon hydrolysis, 
ammonia and free fatty acid. The latter is largely undissociated and 
is able to penetrate cells easily. Once inside them it unites with the 
ammonia, which has entered independently, forming salt again. Jacobs 
(1927) showed that the behavior of erythrocytes is in accordance with 
this theory, and he predicted that, since apparently all cells are perme- 
able to both ammonia and the lower fatty acids, the ammonium salts 
of these acids should be able to penetrate any type of cell in this fashion. 
The present paper furnishes evidence that Arbacia eggs are freely 
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Figs. 1-7: 
ammonium salts. 
units each equal to 1.064x. 
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6 


Swelling curves for Arbacia eggs in half molar solutions of various 


Abscissz, times in minutes; ordinates, diameters in arbitrary 
(See Footnote 1 concerning the pH values used.) 


1. Ammonium formate (F), acetate (A), propionate (P), butyrate (B) 
and valerate (V); pH 7.0. 


NDA US Wh 


Same; pH 7.8. 


. Same; pH 6.5. 
. Ammonium acetate at pH indicated beside each curve. 


Ammonium propionate at pH indicated beside each curve. 
Ammonium butyrate at pH indicated beside each curve. 


. Ammonium valerate at pH indicated beside each curve. 
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permeable to these ammonium salts, and that the mechanism of the 
penetration is that predicted. 


Fic. 8. The swelling of Arbacia eggs in M/2 solutions of ammonium acetate 
of the pH values indicated beside each curve. Abscissz, times in minutes; ordi- 
nates, diameters in units each equal to 1.0644. (See Footnote 1 concerning the pH 
values: used.) 


The solutions of ammonium salts were made up by adding to half 
normal NH,OH sufficient concentrated acid to give the pH desired. 
The volume changes produced in this way were slight and the resulting 
solutions could be considered, with little error, to have a salt concen- 
tration of M/2, or approximately that of sea water. In some cases, 
where hypertonic solutions were desired, the salts were made up in 


bicarbonate-free sea water instead of distilled water. To obtain this, 
2.4 cc. of normal HCl were added to a liter of sea water, and the CO, 
was driven off by aerating for twelve to fifteen hours. The pH was 
brought up to neutrality by the addition of a little NaOH and then the 
ammonium salt was prepared as before. The half molar solutions made 
up in distilled water were isosmotic with the cells, and penetration of 
salt from them could be detected by the swelling of the eggs, which 
proceeded until they were destroyed. The solutions in bicarbonate-free 
sea water, on the other hand, were initially hypertonic so that the eggs 
shrank, regaining their original size gradually only if the salt penetrated. 
The volume changes were studied by the method described in the pre- 
ceding paper (Stewart, 1931). 


II 


The experiments were divided into two main series, one in which 
the ammonium salts were made up in pure M/2 solutions and another 
in which they were dissolved in sea water or half molar KCl. (NaCl 
could not be used because of its toxicity in unbalanced solutions.) The 
advantage of experiments of this second type lies largely in the fact 
that in them the eggs must approach, and then maintain, an equilibrium 
volume. Failure to do so gives definite evidence of injury to the cells. 
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This method was used as a check on the results obtained by the first 
one in which conditions were, on the whole, considerably more ab- 
normal and for which no acceptable criterion of injury was available. 
The results obtained by the two methods were in good agreement. 

For most of the experimental work the ammonium salts of the 
first five saturated fatty acids were used. Of the acids formed by the 
hydrolysis of these salts, four, namely acetic, propionic, butyric and 
valeric, are of very nearly the same strength. Furthermore, these four 
acids have dissociation constants that are almost the same as that of 
ammonia. Consequently at pH 7.0 there should be approximately equal 
amounts of free acid and ammonia present in the solutions. Formic 
acid is enough stronger so that the pH of the salt solution must be 
lowered to about 6.5 before equal quantities of acid and ammonia are 
obtained. For this reason the formate is not strictly comparable, at 
the same pH, with the other salts. 

A comparison of the swelling curves of Arbacia eggs placed in 
M/2 solutions of the five salts at pH 7.0 (Fig. 1) shows the marked 
differences in the rates at which the salts enter the eggs. Since am- 
monia is known to penetrate these and other cells with extreme rapidity, 
it is reasonable to believe that the fatty acids, which in pure solutions 
enter cells somewhat more slowly, are to a certain extent the limiting 
factor which determines the rate of swelling. Because of the fact that 
at a given pH the concentration of free acid is approximately the same 
in the solutions of all of the salts except the formate, the swelling curves 
must give an indication of the relative order of penetration of the acids 
themselves. Numerous experiments indicate that the series is formic< 
acetic < propionic < butyric<valeric, which is the order of their lipoid 
solubilities, and the inverse of that for their molecular weights. Fur- 
thermore, it is the order frequently found in experiments with pure solu- 
tions of the acids, provided the results are not confused by injury effects. 
(For references to the literature see Jacobs, 1927). 

The same order of penetration is observed if the salts are made up 
to half molar strength in either bicarbonate-free sea water or half molar 
KCl. Figure 9 gives a set of the curves obtained in experiments with 
sea water solutions. It will be noted that the valerate proves decidedly 
toxic, the eggs continuing to swell in it until they are cytolyzed. All 
of the other curves approach an equilibrium, however, indicating the 
lack of any decided injury to the cells. The fact that the equilibrium 
volume is not exactly the same as the initial volume of the eggs may 
be due to slight osmotic differences in the solutions themselves or may 
perhaps indicate the existence of secondary factors of some sort whose 
effects are of relatively minor importance. 
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Fic. 9. Swelling curves for Arbacia eggs in solutions of ammonium formate 
(xX), acetate (A), propionate (O), butyrate (@) and valerate (CJ); pH 7.0. 
Solid lines, M/2 solutions; broken lines, M/2 solutions in bicarbonate-free sea 
water. (See Footnote 1 concerning pH values used.) 


Ill 


If the rate of entrance of free acid into the cell is the most impor- 
tant factor in influencing the rate of penetration of the salt, then it 
would be expected that the pH of the solution, which determines the 
relative concentrations of free acid and ammonia, would have a very 
important influence upon the swelling process. This proves to be the 
case. In general the increase in volume of the cells tends to become 
more rapid as the pH is lowered, down to about 6.0, and to become 
progressively slower as the pH is increased above 7.0. The swelling 
of the eggs in a solution of ammonium acetate at pH 7.8 is almost 
imperceptible (Fig. 2), while at pH 6.5 (Fig. 3)—an acidity which is 
not in itself markedly injurious—they increase in size so rapidly that 
cytolysis occurs within five or six minutes. A striking illustration of 
this effect of pH in changing the amount of free acid, and consequently 
the rate of swelling of the Arbacia eggs, is given in experiments such 
as that represented in Fig. 8. Here ammonium acetate solutions were 
used and the pH varied, in small steps, between 7.7 and 6.4. There is 
no exception to the orderly increase in rate with decrease in pH. The 
experiment has been repeated several times, always with the same re- 
sults. Similar, though less extensive, observations have been made with 
each of the other salts (Figs. 5, 6, 7). The only essential difference 
between them lies in the spread of the three curves, which becomes less 
and less as the ease of penetration of the free acid involved increases, 
until finally, with the valerate, the curves are not separated from each 
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other by an amount that is significantly greater than the error of the 
method. As a result the three valerate curves do not maintain any 
definite relation to each other. Frequently penetration at pH 7.8 ap- 
pears to be faster than at 7.0, or the curve for pH 6.5 is a trifle less 
steep than that for 7.0. But in about half of the experiments the order 
was found to be the same as that for the other salts, namely pH 
6.5>pH 7.0>pH 7.8. 

The effect of variations in pH is thus seen to parallel the changes 
in the amount of undissociated acid that is present in the solution. As 
has been mentioned previously, at pH 7.0 approximately equal quantities 
of free acid and ammonia are present. At a more alkaline reaction 
the amount of acid would be less than that of ammonia, and vice versa. 
Since the acid, rather than the ammonia, tends to be the limiting factor 
in determining the rate of swelling of the eggs, it is relatively easy to 
diminish this rate by a change of the pH in the alkaline direction. It 
is conceivable that at a sufficiently alkaline reaction almost no swelling 
would occur. This proves to be the case with an ammonium formate 
solution at pH 7.8, in which eggs often failed to swell appreciably during 
a 30-minute exposure. This failure was not due to any injury to the 
eggs, for after much longer exposures than that they were capable of 
giving typical swelling curves in an acetate solution. Attempts were 
made to obtain similar results with the other salts by raising the pH 
beyond 7.8, but toxic effects became so marked that the experiments 
could not be carried out. 

As the pH is lowered below 7.0, more and more acid is present in 
the solution and swelling becomes increasingly rapid. If the pH is 
lowered sufficiently, the amount of ammonia might theoretically become 
so small that it would in turn assume the role of the limiting factor. 
This actually seems to be the case with the ammonium acetate. The 
maximum rate of swelling for this salt was obtained at about pH 6.0, 
while below that point the rate decreased until at pH 5.5 the curve ob- 
tained was almost identical with that at pH 6.5 or 6.6. Similar experi- 
ments with the other salts were impracticable because of the high tox- 
icity of their more acid solutions. 

As would be expected from the marked effect of pH upon the amount 
of free acid present in the solution, the divergence between the rates 
of swelling for the five salts is most marked in the alkaline range. Here 
the acids themselves are the chief factor in determining the rate, and 
differences in their ability to enter the eggs become most prominent. 
At pH 7.8 (Fig. 2) the penetration of the formate is sometimes almost 
impossible to detect, while the valerate enters so rapidly that cytolysis 
occurs in three minutes. At lower pH values, however, where the acids 
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are present in comparative abundance and where the ammonia becomes 
a more important factor, the difference would be expected to be less. 
Reference to Fig. 3 shows that as a matter of fact the spread of the 
curves at pH 6.5 is much reduced, the three for the propionate, butyrate 
and valerate being almost superimposed. 


IV 

In addition to the experiments which have been performed with the 
ammonium salts of fatty acids, a considerable number have been carried 
out with other ammonium salts and with some sodium and potassium 
salts of fatty acids. With ammonium nitrate and ammonium chloride 
no change occurred, within half an hour, in the volume of eggs placed 
in M/2 solutions, though eggs from the same lot were found to swell 
appreciably in ammonium formate at pH 7.7 during that time. Indeed, 
eggs may be left in ammonium chloride made up in bicarbonate-free 
sea water for 80 minutes without any change in size and at the end 
of this time give normal swelling curves if transferred to a neutral 
acetate solution. In other words, they appear not to have been injured 
appreciably by the chloride and their failure to swell is probably due 
to the fact that the acid cannot enter the cell and so no salt accumulates. 

An attempt was made to work with solutions of ammonium benzoate 
and salicylate, but they proved very toxic to the eggs and it was not 
possible to obtain reproducible results with them. About all that can 
he said concerning these salts is that they both seem to enter the cells 
rapidly, though this apparent speed of penetration may be entirely due 
to the effects of injury which are ordinarily apparent within ten min- 
utes. Ammonium lactate, on the other hand, enters very slowly, there 
being no appreciable penetration by the end of an hour from M/2 solu- 
tions at pH 7.7 or 7.0, though at pH 6.5 the volumes have increased 
to an extent that is just barely significant. At pH 7.0 a 10 per cent 
increase in volume occurs in about three hours as compared with a 
corresponding time of approximately five minutes for a similar solution 
of ammonium propionate. Since lactic acid differs from propionic acid 
only in the substitution of an OH group for a hydrogen atom, this 
behavior illustrates the marked effect upon permeability of the intro- 
duction of a polar group into a molecule. 

Repeated experiments with sodium or potassium acetate and with 
sodium valerate at varying pH levels failed to show any penetration 
of these substances—or at least any penetration sufficient to cause a 
change in cell volume. 

I wish to thank Dr. M. H. Jacobs, under whose direction this study 
has been made, for his many suggestions and his never-failing interest 
in the progress of the work. 
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SUMMARY 


1. The rate of swelling of Arbacia eggs in solutions isosmotic with 
sea water of the ammonium salts of the first five saturated fatty acids 


has been found to be in the order: valerate >butyrate> propionate > 


acetate > formate. 


2. In solutions of these salts made up in bicarbonate-free sea water 


or in M/2 KCl recovery of the original volume after a preliminary 
shrinkage follows the same order. 


3. Within the pH range from approximately 7.8 to 6.2 the rate 
of swelling increases with increasing acidity. Under certain conditions 
a further lowering of the pH may reverse the effect. 


4. No significant changes in volume occur in solutions of ammonium 
nitrate or chloride, though cells exposed to such solutions for over 
an hour are still capable of swelling in ammonium acetate. 

5. These results agree with the theory suggested by Jacobs, that 
there is no appreciable penetration of either the salt or its ions as such 
but that undissociated ammonia and fatty acid, formed by hydrolysis 


of the salt, penetrate the cell separately, uniting again after their en- 
trance. 


6. The rate of entrance of the acid, rather than that of the ammonia, 


usually appears to be the limiting factor in determining the rate of 
swelling of the cell. 
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given are too high by approximately 0.2 pH units. The standards used for com- 
parison were the ordinary M/15 phosphate buffer solutions. 





NOTES ON TREMATODES FROM A LONG ISLAND DUCK 
WITH DESCRIPTION OF A NEW SPECIES 


H. W. STUNKARD AND F. W. DUNIHUE 


BrotocicAL Lasoratory, University CoLitece, New York UNIVERSITY 


In view of the fragmentary knowledge concerning the trematodes 
of North American birds, and the extent to which these parasites are 
distinct from those of other continents, it seems proper to record certain 
observations which we have made. 

Examination of the alimentary tract of a single duck, sold in the 
New York market, yielded four species of trematodes, belonging to four 
different genera. One of the species is new to science and two others 
are recorded from America for the first time. The high degree of in- 
festation is unusual, since previous examinations have shown that ducks 
bought in the market are rarely parasitized by trematodes. Further- 
more, the conditions under which most Long Island ducks are raised 
and prepared for market tend to prevent the acquisition of such para- 
sites. These facts indicate that the bird was either a wild duck or that 
it had not been closely confined in breeding and feeding pens. 

To substantiate the correctness of specific determination, brief de- 
scriptions and figures of the parasites are included. 


Echinostoma revolutum (Froelich, 1802) Looss, 1899 


Three specimens from the intestine are referred to this species. 
The one shown in Fig. 1 measures 13 mm. in length and 1.9 mm. in 
width. Measurements of internal structures are as follows: oral sucker, 
0.245 mm.; pharynx, 0.18 mm.; acetabulum, 0.635 mm.; ovary, 0.43 
mm. ; testes, 0.795 mm. long by 0.43 mm. wide. The collar of spines 
is not complete in any of the specimens and consequently their number 
can not be determined with certainty. In other features, however, the 
worms agree so well with the descriptions of E. revolutum as given by 
Looss (1899), Lithe (1909), and Dietz (1910) that there appears to 
be no doubt concerning their identity. E. revolutum has been previously 
reported from North America and the life cycles of the species was 
experimentally demonstrated by Johnson (1920). 


Psilochasmus oxyurus (Creplin, 1825) Lithe, 1910 


Since the description of Creplin (1825) this species has been studied 
by von Linstow (1882), Braun (1902), Lithe (1909), and Odhner 
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Pate | 


Fic. 1. Echinostoma revolutum Fic. 2. Psilochasmus oxyurus 


Abbreviations 
acetabulum ovary ts testis 
cirrus sac ph pharynx uterus 
genital pore shell gland vitelline duct 
intestine seminal vesicle vitellaria 
oral sucker 
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(1913). The material used in these investigations came from various 
species of ducks taken in Northern Europe. A second species, Psiloch- 
asmus longicirratus, was described by Skrjabin (1913) from Fuligula 
nyroka in Russian Turkestan. A comparison of his description with 
those of other authors, especially that of Odhner, and with the specimens 
at hand shows no specific differences. The only feature in which there 
is not actual overlapping is the length of the cirrus sac and reports do 
not agree on this point. Braun stated that the cirrus sac is long and 
slender with a seminal vesicle in its base. Odhner found the cirrus sac 
ending a short distance before the ovary, while in the specimen shown 
in Fig. 2 the sac extends to the ovarian level. Consequently, there is 
no means of distinguishing between the species, and P. longicirratus may 
be regarded as a synonym of P. oxyurus. 

Four specimens from the duck, one of which is shown in Fig. 2, 
show essential agreement with the description of P. oxyurus and ac- 
cordingly are assigned to that species. The worms measure from 4.6 
to 5.5 mm. in length and from 1 to 1.25 mm. in width. The shape of 
the body is characteristic and the terminal spike projects from a depres- 
sion in the ventral surface at the caudal end. The spike is composed 
of strong muscular fibers, continuous with those of the body wall. The 
acetabulum is situated at the anterior fourth or fifth of the body and 
measures from 0.54 to 0.6 mm. in diameter. 

The oral sucker is 0.3 to 0.32 mm. in diameter and followed almost 
immediately by a muscular pharynx about one-half its size. The esoph- 
agus is lined with epithelium and bifurcates at the level of the genital 
pore to form the intestinal ceca. The ceca terminate blindly just an- 
terior to the caudal lobes of the vitellaria. 

The testes are distinctly lobed. They measure from 0.653 to 0.884 
mm. in length and 0.461 to 0.530 mm. in width. They are situated one 
behind the other in the anterior part of the caudal half of the body. 
A vas deferens arises from the anterior, ventral surface of each and 
passes forward, the duct from the anterior testis on the left and that 
from the posterior testis on the right side of the body. The left duct 
passes under the ovary and both open into the caudal end of the cirrus 
sac. This portion of the sac is expanded and filled with spermatozoa. 
From the seminal vesicle the ejaculatory duct makes a coil and then 
passes in a straight course to the genital pore. 

The ovary measures from 0.27 to 0.32 mm. in diameter. It is 
slightly left of the median plane, about two-fifths of the distance from 
the cephalic testis to the acetabulum. The oviduct arises at the caudal 
end and passes backward to the dotype, which is enclosed in a large 
“shell gland.” From the dotype Laurer’s canal leads to the dorsal 
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surface. The vitellaria are lateral, dorsal and ventral, and extend from 
the level of the acetabulum almost to the posterior end of the body. 
The lobes of the two sides are connected by a ventral commissure behind 
the testes, and just in front of the cephalic testis ducts arise from the 
ventral sides and pass dorsally and medially, meeting on the dorsal 
side to form a common vitelline duct which passes forward to open 
into the Gotype. There is no seminal receptacle, but the initial portion 
of the uterus is filled with masses of spermatozoa. The uterus passes 
in a sinous course, backward to the level of the cephalic testis and then 
forward to the genital pore, situated below the bifurcation of the ali- 
mentary tract. Eggs in the uterus measure from 0.1 to 0.12 mm. in 
length and from 0.07 to 0.077 mm. in width. 


Notocotylus gibbus (Mehlis in Creplin, 1846) Kossack, 1911 


This species, unknown from its discovery by Mehlis until the original 
specimens were restudied by Kossack (1911), has not been reported 
since that time so far as we can determine. The European specimens 
were found in the intestine of Fulica atra and Gallinula chloropus. 
Other species are known from Europe and two species, N. urbanensis 
and N. quinqueserialis have been described from North America. The 
specimens from the Long Island duck agree most closely with the de- 
scription of NV. gibbus and apparently belong to that species. 

Fifteen specimens (Fig. 3) were recovered from the washings of 
the alimentary tract but their original location in it is uncertain. Since 
members of the Notocotylidze ordinarily infest the ceca and terminal 
part of the intestine, it is probable that these worms also were in that 
region. They are much flattened and sexually mature specimens meas- 
ure from 1.1 to 1.5 mm. in length by 0.5 to 0.6 mm. in width. The 
ventral surface bears three rows of pits, 12-14 in each. Those near 
the ends of the body are smaller than those near the middle. 

The oral sucker is usually broader than long and measures from 0.07 
to 0.11 mm. in diameter. The esophagus is short and bent, opening 
almost immediately into the ceca. These structures end blindly between 
the testes. 

The testes are deeply lobed, 0.2 to 0.23 mm. in length and 0.12 to 
0.14 mm. in width. Ducts from the testes unite in front of the dotype 
to form a common duct which passes forward on the dorsal side of 
the body. It becomes coiled as it approaches the middle of the body 
and increases in size to form a seminal vesicle. Immediately in front 
of the uterine loops it enters the cirrus sac, which measures from 0.43 
to 0.5 mm. in length. 


The ovary lies between and in front of the testes. It is deeply 
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lobed and measures from 0.13 to 0.15 mm. in diameter. The dotype 
complex lies anterior to the ovary and is of the usual notocotylid type. 
Eggs measure from 0.02 to 0.024 mm. in length and 0.01 to 0.012 mm. 
in width. They bear long filaments at both poles. 

The points of difference between the description of Kossack and 
the present specimens appear to be only variations that might be ex- 
pected in a single species. His statement that the testes are some dis- 
tance from the posterior end of the body and that the intestinal ceca 
are relatively close together may be explained by difference in sexual 
maturity. In specimens containing fewer eggs than the one shown in 
Fig. 3, the testes are relatively farther forward and the ceca closer 


Abbreviations as in Figs. 1 and 2 


Fic. 3. Notocotylus gibbus 
Fic. 4. Paramonostomum parvum 


together. In fact, in sexually immature, non-gravid worms, the testes 
are proportionally farther forward than in the specimen shown in Kos- 
sack’s figure. It appears that when the uterus becomes filled with 
eggs the other structures are somewhat displaced. Kossack reported 
that the ventral glands are very weakly developed and that they number 
6-8 in each row. Since their location is not shown in his figure, one 
can not tell whether they were present in a section of the body or dis- 
tributed uniformly throughout its length. The material available to 
Kossack was probably in poor condition and the observations were ap- 
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parently not checked by study of serial sections. It seems very prob- 
able, therefore, that some of the ventral glands were overlooked. 





Paramonostomum parvum n. sp. 





The genus Paramonostomum was erected by Liihe (1909) to contain 
a single species, Monostomum alveatum (Mehlis in Creplin, 1846), that 
occurs in several European birds. Earlier accounts of the species are 
reviewed in the paper by Kossack (1911). 

Barker (1916) questioned the validity of the genus on the ground 
that it differs from Notocotylus only in the absence of ventral glands. 
Careful examination shows, however, that the absence of ventral glands 
is only one of a number of fundamental differences which distinguish 
the genus. In shape of body, location and proportion of internal or- 
gans, extent of uterus, and form of the copulatory organs, there are 
marked differences between Notocotylus and Paramonostomum. 

Harrah (1922) described a second species, Paramonostomum 
echinus, from the intestine of the American muskrat, Fiber zibethicus. 
Review of his description and figure shows that, in regard to the features 
listed above, his specimens do not agree with P. alveatum, type of the 
genus. In these respects they are similar to Notocotylus. It appears, 
therefore, that P. echinum should be removed from the genus Para- 
monostomum. It may be regarded as a type of a new genus or the lim- 
its of Notocotylus may be extended to contain it. The second of these 
alternatives would probably invalidate the genus Catatropis. 

Twenty specimens from the intestine of the Long Island duck agree 
very closely, except for size, with P. alveatum. They may prove to be 
only a variety of that species but the difference is too great, in the 
absence of intermediate sizes, to assign them to it, and they are regarded 
as a new species for which the name Paramonostomum parvum is 
proposed. 

Sexually mature specimens are broadly ovate, almost as broad as 
long, concave ventrally, pointed anteriorly, and rounded posteriorly. 
They measure from 0.25 to 0.5 mm. in length and from 0.2 to 0.35 
mm. in width. There are no papillae on the ventral surface, and the 
presence of spines on the cuticula is doubtful. 

The oral sucker measures from 0.035 to 0.046 mm. in diameter. 
There is no pharynx, the esophagus is short, and the ceca pass backward 
in a wide arc, close to the lateral edges of the body. Near the posterior 
end of the body the ceca turn medially and then pass backward between 


the testes and the ovary, terminating about the level of the caudal margin 
of the ovary. 
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The testes are oval, lobed organs, situated in the extracecal areas 
at the posterior end of the body. They measure from 0.08 to 0.095 
mm. in length and from 0.06 to 0.07 mm. in width. The vasa deferentia 
unite in front of the odtype to form a common sperm duct that passes 
anteriad. At the caudal end of the anterior third of the body the sperm 
duct opens into a large, much coiled seminal vesicle. The cirrus sac is 
curved, 0.035 to 0.06 mm. in length and 0.025 to 0.04 mm. in width. 
The caudal part of the cirrus sac contains a small section of the seminal 
vesicle. 

The ovary is situated in the median plane, near the posterior end 
of the body. It is a much lobed structure, 0.05 to 0.07 mm. in diameter. 
The “ shell gland ” is anterior to the ovary and about one-half its size. 
The female genital complex is similar to that of Notocotylus. The 
uterus extends in transverse folds to the caudal end of the anterior 
third of the body and other coils extend farther forward on either side. 
The metraterm is short and opens at the genital pore, situated in the 
median plane immediately behind the bifurcation of the alimentary 
tract. The vitelline glands consist of small follicles which occupy the 
extracecal areas from the level of the testes to that of the seminal 
vesicle. Eggs measure from 0.021 to 0.024 mm. in length and from 


0.011 to 0.013 mm. in width. They are provided with long polar 
filaments. 


DIscussIOoNn 


The discovery of these trematodes in a North American duck affords 
supplementary data concerning two little known species, previously 
found only in Europe, and adds a second species to the genus Para- 
monostomum, which supports the validity of that genus. It supple- 
ments other data which tend to indicate that the parasitic fauna of 
Europe are being introduced into North America and that exotic species 
are being established here. Migratory animals, especially birds, may 
acquire infections in one location and during their journeys distribute 
infective stages of the parasites over wide areas. The presence of suit- 
able intermediate hosts, and of conditions which permit their infestation, 
result in the spread of parasites to new locations. In many instances 
the parasites are able to utilize new intermediate and definitive hosts 
and thus extend both their geographical range and list of host species. 
It appears that there is more overlapping of the parasitic faunas of the 
Eastern and Western hemispheres than has been realized. 
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THE PRODUCTION OF NORMAL EMBRYOS BY ARTIFICIAL 
PARTHENOGENESIS IN THE ECHIUROID, URECHIS 


ALBERT TYLER 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, California 
Institute of Technology, Pasadena) 


INTRODUCTION 


The eggs of annelids and mollusks have been the subject of 
numerous parthenogenesis experiments, but only a few instances have 
been reported in which normal development was said to have been 
obtained. Lefevre (1907) described and figured parthenogenetically 
produced embryos of Thalassema mellita which resembled the normal, 
but he states (p. 116), “I have never observed a single instance where 
the trochophores rose to the surface of the water.’’ Just (1915) 
reports the production of “‘normal-looking swimming forms—trocho- 
phores scarcely to be distinguished from the normal’’—from eggs of 
Nereis exposed to high temperature. Morris (1917) obtained embryos 
which she described as ‘‘fairly normal swimming larve”’ from eggs of 
Cumingia exposed to high temperature and hypertonic sea water. 
In other cases the embryos obtained were described merely as swimmers 
or even uncleaved swimmers, (Allyn, 1912; Loeb, 1908, 1912; Lillie, 
1910; Kostanecki, 1908; Bullot, 1904; Scott, 1906; Treadwell, 1902; 
Fischer, 1903). It is evident from the above citations that normal 
embryos have rarely, if at all, been obtained. The question may then 
be raised as to whether the sperm performs some special function in 
the eggs of annelids and mollusks, such that in its absence normal 
development is less likely to be obtained. 

In the eggs of some annelids and mollusks there is evidence that 
the entrance point of the sperm is instrumental in determining the 
plane of bilateral symmetry of the embryo (Just, 1912; Morgan and 
Tyler, 1930). Such an orienting point is lacking, of course, in eggs 
treated with the usual parthenogenetic agents. It is important to 
know, therefore, whether eggs, in which the entrance point of the 
sperm is a factor in the determination of bilateral symmetry, are 
capable of normal development after artificial activation. 

For the eggs of Urechis it was found that the first cleavage plane 
coincided with the entrance point of the sperm in the great majority 
of cases. Since in spirally cleaving eggs the first cleavage plane bears 
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a definite relation to the plane of bilateral symmetry of the embryo, 
it may be safe to conclude that the sperm entrance point determines 
the orientation of the embryo in Urechis. The eggs of Urechis can be 
activated by means of certain artificial agents; such as, hypotonic sea 
water, hypertonic sea water and high temperature. Top-swimming 
embryos indistinguishable from those produced by normally fertilized 
eggs were obtained from eggs treated with hypotonic sea water. How- 
ever, the normal embryos were produced in very small numbers, the 
various types of abnormal swimmers being far more abundant. 

The eggs which are to cleave and develop can be distinguished and 
isolated from the others at a few minutes after treatment. The 
manner in which these eggs respond to the treatment presents a 
striking contradiction to the view (Just, 1922) that normal develop- 
ment results only when the initial response of the egg to the artificial 
agent is similar to its response to the sperm. 


MATERIAL AND METHODS 


Urechis caupo was found at Monterey Bay and described by Fisher 
and MacGinitie (1928). Professor MacGinitie later found the same 
species at Newport Bay and I am indebted to him for the information 
on the location of the animals and the method of obtaining the sexual 
products from them. This remarkable echiuroid is ripe practically 
the year round, and one pair of animals may supply eggs and sperm 
for a number of experiments. The ability to obtain eggs repeatedly 
from the same individual would seem to cut down the variability of 
different experiments. However, it was found that the eggs of a 
segmental tube, from which samples had previously been removed, 
decrease in size after a couple of weeks and their response to fertilization 
is not quite 100 per cent, as is the case when eggs are removed from an 
untouched tube. 

The agents used to activate the eggs were diluted sea water, 
distilled water, concentrated sea water and high temperature, but 
since the first was mostly used in these experiments, it alone will be 
described. The dilutions of sea water were made up of distilled water 
and sea water taken at a definite height of tide. The eggs were 
washed twice and allowed to settle in a centrifuge tube. The super- 
natant sea water was then removed and the eggs together with 0.3 to 
0.5 cc. of sea water transferred to 50 cc. of the diluted sea water. 
Eggs were then removed after various intervals of time to 10 cc. of sea 
water by means of a small bore pipette filled to 0.2 cc. Any dilution 
of sea water up to 80 per cent was found to be capable of activating 
the eggs. Controls of unfertilized eggs kept in covered dishes gave no 
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activation and controls of eggs inseminated at the time of the experi- 
ment gave 95 to 100 per cent fertilization and development.' 


NORMAL FERTILIZATION AND DEVELOPMENT 


The development of the fertilized egg of Urechis is so similar to 
that of Thalassema (Torrey, 1902, 1903) that only a brief description 
need be given here for comparison with the parthenogenetic eggs. 
The ‘fertilization reaction’’ differs somewhat from that described for 
other marine ova, and since use was made of this reaction in the 
entrance point observations, it will be described below. 

The unfertilized egg of Urechis (Fig. 1) has a rather unique shape. 
It has a large indentation which varies somewhat in size in different 
eggs. This shape is similar to that which a spherical rubber ball would 
assume if it were evacuated and filled with a volume of water about 
one-fourth less than $7R*. The ratio of surface to volume is thus 
much greater than for a spherical egg. Eggs with two indentations 
(Fig. 2) may also be found, but if such eggs are made to round out in 
dilute sea water and returned to normal sea water only one indentation 
reappears. 

The unfertilized egg contains a large germinal vesicle and a single 
nucleolus. The germinal vesicle is nearest the surface of the egg at 
the innermost point of the indentation. This point, as will be shown 
below, marks the pole of the egg, and the egg may be seen to be 
radially symmetrical about this axis (Fig. 3). 

The sperm enters the egg at any point on the surface with respect 
to the indentation. Within three minutes after the attachment of 
the sperm, a clear conical process appears on the egg immediately 
below the point of attachment.? The cone enlarges within the next 
two minutes and the membrane immediately above it becomes thin 
(Fig. 4). At this time the indentation begins to round out and the 
fertilization membrane begins to separate from the surface of the egg. 
The sperm head then enters the cone (Fig. 5) and in about 90 seconds 
passes into the egg (Fig. 6), the tail remaining behind. During the 
next five minutes the cone continues to enlarge and becomes cylindrical 
rather than cone-shaped, with a rounded outer end (Fig. 7). It 
enlarges more rapidly than the perivitelline space, apparently stretch- 
ing the membrane above it. The ‘‘cone’”’ then begins to narrow 
considerably in width so that at about thirteen minutes after the 
entrance of the sperm it has the appearance of a single filament 


1 The insemination was usually done in another part of the room by Betty S. 
Tyler. 


? This time schedule holds for 20° C., unless otherwise stated. 
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(Fig. 8). It finally disappears at about seventeen to twenty-two 
minutes after the penetration of the sperm. The egg thus supplies 
a marker of the entrance point which can be seen as late as twenty 
minutes after insemination. Entrance point observations are therefore 
quite easy to make. 

The first polar body is extruded 34 minutes after fertilization and 
the second at 44 minutes. Cleavage begins at 74 minutes after 
fertilization. The first two divisions areequal. At the third cleavage 
the first quartet of micromeres arises dexiotropically. They are very 
slightly smaller than the macromeres. In the formation of the embryo, 


no essential differences were found from Torrey’s description for 
Thalassema. 


THE INDENTATION AND THE POLE OF THE EGG 


It is generally conceded that the polarity of an egg is established 
in the ovary, the polar axis being indicated by the eccentric position 
of the nucleus and radial arrangement of cytoplasmic materials about 
it. In the egg of Urechis the germinal vesicle is nearest the surface 
at the innermost point of the indentation (Fig. 1). If the indentation 


PLATE I 


Photomicrographs of the living objects. The magnification is 330 diameters for 
all the figures with the exception of Fig. 1, for which the magnification is 300 diameters. 

Fic. 1. Unfertilized egg in ‘‘side”’ view, showing indentation, large germinal 
vesicle and nucleolus. 

Fic. 2. Unfertilized egg in ‘“‘side’’ view showing two indentations. 

Fic. 3. Unfertilized egg, antipolar view. 

Fic. 4. Formation of fertilization ‘‘cone’’ at point of attachment of sperm, 
and rounding out of indentation. 

Fic. 5. Showing sperm within cone, beginning of dissolution of germinal 
vesicle and elevation of membrane. 

Fic. 6. Showing sperm head half-way in egg, enlargement of ‘“‘cone,” and 
further elevation of membrane. 

Fic. 7. Showing persistence and enlargement of the ‘‘cone’’ five minutes after 
entrance of sperm head into egg. 

Fic. 8. Showing the shrinkage of the ‘‘cone’’ into a filament-like process, 
thirteen minutes after entrance of sperm, and disappearance of germinal vesicle 
except for nucleolus. 

Fic. 9. Showing eccentric position of germinal vesicle in an egg in which the 
indentation was made to disappear by allowing it to swell in 50 per cent sea water. 

Fic. 10. Showing migration of remains of germinal vesicle to pole as marked 
by indentation; entrance point of sperm shown by filament-like cone near antipole 
of egg fifteen minutes after entrance of sperm. 

Fic. 11. Photographed in the same position as in Fig. 10; shows formation of 
first polar body at center of formerly indented area 32 minutes after fertilization. 

Fic. 12. Photographed in the same position as in Fig. 11; shows formation of 
second polar body next to first; 44 minutes after fertilization. 


’ At room temperature, which is generally about 23.5° C., the time for first 
cleavage is 65 minutes. 
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is caused to round out by placing the egg in 50 per cent sea water, 
the germinal vesicle is seen to occupy an eccentric position in the egg 
(Fig. 9). The rounding out can be followed under the microscope, 
and the results of such observations show invariably that the eccen- 
tricity is the same as that of the original indented egg. This would 
indicate that the indentation marks the pole of the egg. 

In order to obtain a more definite check on this relation, the point 
of extrusion of the polar bodies was determined on eggs in which the 
location of the indentation had been previously noted. The method 
used was identical with that described below for the entrance-point 
observations. The eggs selected for observations were those in which 
the indentation was on the side and thus distinctly visible. They 
were followed almost continuously throughout the time of rounding 
up and membrane elevation. Errors due to rotation of the egg were 
also partly guarded against by the presence of extra sperm which 
served as markers on the surface of the membrane. As the egg 
rounds up, the remains of the germinal vesicle are seen to migrate 
towards the surface of the egg in the region of the former indentation 
(Fig. 10). The first polar body later appears at about the center of 
that area on the surface (Fig. 11), and the second polar body is later 
extruded next to it (Fig. 12). The results of the observations given 
in Table I show four exceptions. These presumably represent cases 
in which the egg rotated within the membrane. However, there does 
not seem to be any general tendency for such rotation, since the polar 
bodi¢és may appear in any position on the surface of the egg and remain 
in that position. 

TABLE I 
Relation between Indentation and Point of Extrusion of Polar Bodies 
Divergence No. of Eggs 
0°— 10° bn 
10°— 90°. . ebchvees ne 
90°-180°. . parang iS 2 


RELATION OF THE ENTRANCE POINT OF THE SPERM TO THE PLANE 
OF BILATERAL SYMMETRY 


The method used for making entrance point observations and the 
precautions to be taken have been described by Morgan and Tyler 
(1930). As has been mentioned above, the point of entrance of the 
sperm is very easily located in Urechis even as late as twenty minutes 
after fertilization. The first polar body appears ten minutes after 
the disappearance of the ‘“‘cone’’ and serves as a marker on the surface 
of the egg. This diminishes the chances of unobserved rotation of 
the egg occurring. 
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The eggs were placed within a square of vaseline on a slide and 
the drop sealed over completely with a coverslip to prevent evapora- 
tion. This transfer was generally done at about ten minutes after 
fertilization. The first drawings were made five to ten minutes later, 
at which time the fertilization membrane has lifted off to about its 
full extent and the egg itself has become spherical. The position of 
the polar bodies was then noted as they appeared. At the time of 
cleavage the egg was watched almost continuously, since there is a 
tendency for eggs that are elongating vertically to roll over. 

A number of the observations were made by Mr. Jackson Gregory, 
Jr., one of the students working at the Kerckhoff Marine Laboratory, 
and are listed separately in Table II as Series 1. The results of the 
observations given in this table show a coincidence of 71 per cent 
between the entrance point of the sperm and the first cleavage plane. 


TABLE II 
Relation between Entrance Point and First Cleavage Plane 


No. of Eggs 
Divergence 


Series 1 Series 2 


10°-45°.... 


45°-90° 


This value is obviously very much higher than would be expected on 
a pure chance basis and clearly indicates that the position of the first 
cleavage plane is determined by the point of entrance of the sperm. 
The exceptions may be due to the inability of completely removing 
all sources of error or to the presence of abnormal eggs. The most 
convincing cases-are those in which the entrance point and the polar 
axis lie in a horizontal plane on the slide. In order for coincidence to 
be obtained in such cases the egg must elongate vertically and the 
cleavage plane must cut through horizontally. Twenty-six eggs of 
that type were followed and in every case the first cleavage plane 
passed through the entrance point, although seven of them rotated 
during the division. 

In eggs with spiral cleavage the plane of bilateral symmetry is 
given by the position of the 4d cell, which also marks the dorsal side 
of theembryo. The position of this cell is determined by the plane of 
first cleavage. In Urechis it can be located after its bilateral division 
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into M, and Mz, and its position is such as to cause the plane of 
bilateral symmetry to make an angle of about 60 degrees with the first 
cleavage plane. 
PARTHENOGENESIS EXPERIMENTS 
Activation by Dilute Sea Water 


The eggs of Urechis may be activated by dilutions of sea water 
ranging from 80 per cent to distilled water. Table III gives the time 
range for the different solutions over which activation may be obtained. 
It is taken from a set of experiments run at temperatures between 20 
and 22.5° C. The third column gives the time of exposure at which 
activation begins, taken arbitrarily as 5 per cent activation. These 
values are obtained graphically by connecting the two nearest points 
above and below 5 per cent with a straight line. The fourth column 
gives the time of exposure necessary to obtain 100 per cent activation. 
With longer exposures the percentage of activation drops again to 
zero for certain concentrations of dilute sea water. Column five gives 
the exposure at which the activation drops to 5 per cent, calculated 
in the same manner as for column three. Solutions below 45 per cent 
sea water cause cytolysis of the egg, the time for cytolysis varying 
inversely with the amount of dilution. 


TABLE III 


Range of Exposure Time in which Activation May be Obtained 


Dilution of Calculated Time for Time for Calculated Time 
. : Temperature Cul os | ; -- Baber 
Sea Water : 5% Activation | 100% Act. for 5% Activation 





| 
per cent Z seconds | seconds minules 


0 1. 1 12 





20 j 3 20 
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It is readily seen from Table III that the time for activation de- 
creases with increased dilution of the sea water. This is consonant 
with an interpretation of activation based on the volume of water 
taken in, since water enters more rapidly the greater the dilution of 
sea water in which the egg is placed. 

Two other points may be mentioned here which, together with 
their interpretation, will be reported in detail in a subsequent paper. 
The increase in activation occurs much more rapidly than the decrease, 
giving a skew activation-time curve. The percentage of the activated 
eggs which cleave varies with the time of exposure; but its variation 
is such that as the percentage of activation increases the percentage 
of cleavage decreases. Thus, when 100 per cent activation is obtained 
no cleavage occurs, while to either side of that exposure time the per- 
centage of cleavage increases. 


PRODUCTION OF NORMAL EMBRYOS 


Many of the cleaved eggs develop into swimming embryos, and a 
few into top swimmers, some of which are indistinguishable from those 
produced by normally developing fertilized eggs. Some of the experi- 
ments in which normal embryos were obtained are listed in Table IV. 


TABLE IV 





Top Swimming Embryos 
Dilution of Sea = 
Water Exposure 


Normal Abnormal 


per cent minutes seconds 
0 20 25 
1 10 14 
1 0 29 
1 40 15 
2 20 41 


30 


( 11 


0 28 
1 14 
2 25 
32 

15 

8 


12 
17 
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As is shown by the table, the normal embryos are not produced by 
any particular dilution of sea water or any definite time of exposure. 
The percentage of normal development obtained is very small, most 
of the normal embryos listed occurring in dishes of five hundred to a 
thousand cleaved eggs. 

In Figs. 13-16 some normal parthenogenetically produced embryos 
of various ages are presented. The embryos of fertilized eggs are not 
figured, inasmuch as they are identical with the parthenogenetic ones. 
The early gastrulation stages of the parthenogenetic embryos were 
not obtained, since at that time the normal embryos are not readily 
distinguishable from certain abnormal types to be described later. 

The young trochophore of sixteen hours (Fig. 13) shows a large 


Fics. 13-16. 


ap, apical plate; 5/1, anterior portion of original blastopore; en, enteron; im, in- 
testine; mo, mouth; oe, cesophagus; pr, prototroch; st, stomach. Normal embryos 
from artificially activated eggs; drawn from total mounts of preserved specimens. 

Fic. 13. Sixteen-hour trochophore. 

Fic. 14. Twenty-hour trochophore. 

Fic. 15. Twenty-four-hour trochophore. 

Fic. 16. Forty-eight-hour trochophore. 
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enteric mass in which a small cavity has appeared. The prototroch 
is well developed and the beginning of the cesophageal invagination is 
present below the prototroch on the ventral side of the embryo. 
In the twenty-hour trochophore (Fig. 14) the invagination has 
progressed towards the anterior end of the embryo and the post- 
trochal region has enlarged. The enteric cavity soon becomes divided 
into stomach and intestine (Fig. 15), and the cesophagus reaches the 
anterior end of the embryo. The whole embryo enlarges considerably 
during the next 24 hours and becomes a relatively thin-walled structure 
(Fig. 16). The anterior end of the cesophagus is turned to the right 
side of the stomach where it acquires a ciliated opening into the latter. 

Bilateral symmetry is evident in the sixteen-hour embryo. The 
plane of bilateral symmetry is, as pointed out above, determined very 
much earlier, and for fertilized eggs, at the time of entrance of the 
sperm. The parthenogenetically activated eggs can evidently estab- 
lish a plane of bilateral symmetry without the aid of a localized external 
agent such as the sperm entrance point. However, this is done in 
relatively very few instances, while in the great majority of cases, 
even with apparently normal cleavage, abnormal embryos of various 
types are obtained. Of particular interest in this connection is 
the occurrence of embryos that are more or less radially symmetrical. 


RADIALLY SYMMETRICAL EMBRYOS 


Among the top swimming and bottom swimming embryos produced 
from the artificially activated eggs, there occur a number of forms 
which may be grouped in a radially symmetrical class. They retain 
their radial form until their death, which occurs long after the attain- 
ment of bilateral symmetry in the normal embryos. 

Certain of these embryos have the form of a hollow blastula 
(Fig. 17), resembling the blastula of the sea-urchin. The prototroch 
is well developed and large entoblast cells are present below it, but 
no gastrulation occurs at any time in its life history. Another type 
(Fig. 18) shows the beginning of gastrulation, which in some instances 
progresses to the formation of a large enteric mass (Fig. 19). In 
certain cases the enteric cavity may be formed (Fig. 20). In none of 
these types is there any outward evidence of bilateral symmetry.‘ 
The blastopore does not undergo its antero-ventral migration, and 
the cesophagus is not formed. 

It is quite probable, although the cell-lineage has not been worked 
out, that these forms arise from eggs in which the normal bilateral 

‘Other forms have been observed which might be classed as transition types, 
but their abnormal form makes them quite difficult to analyze. 

13 
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cleavages do not take place. Torrey (1903) has described eggs of 
Thalassema that have more or less completely reverted to the radial 
type. He states, “There is, also, strong reason for believing that this 
type never develops into an adult; for I found a few gastrula stages in 
which no X group, no M cells, no larval mesenchyme cells from 
the third quartet and no large anterior cesophagoblast (2:.2,) could 
be distinguished.”” It may be fairly safe to assume then that the cell 
lineage of the radial embryos described above is similar to that de- 
scribed by Torrey, and that the failure to develop into a bilateral 


Fics. 17-20. Radially symmetrical embryos from artificially activated eggs; 
drawn from total mounts of preserved specimens. 

Fic. 17. Hollow blastula of 24 hours. 

Fic. 18. Beginning gastrula of 22 hours. 

Fic. 19. Gastrula of 28 hours, showing large enteric mass. 

Fic. 20. Gastrula of 28 hours, showing enteric cavity. 


trochophore results from the failure of certain bilateral cleavages to 
occur, so that no X group, M cells, etc. are formed. 

Approximately one-quarter of the top swimming embryos and 
about 5 per cent of the bottom swimmers were radially symmetrical 





NORMAL EMBRYOS BY ARTIFICIAL PARTHENOGENESIS 199 


or approached the radial type. No radial embryos were observed 
among the trochophores of the normally fertilized eggs. Their 
occurrence as a result of artificial activation may be taken as an 
expression of the inability of the parthenogenetically activated egg to 
completely negotiate its problem of bilateral symmetry. The low 
percentage of normal development obtained is then accountable by 
the assumption that it is a matter of chance whether the response of 
the egg is similar to that resulting from the entrance of the sperm or 
whether it responds in an “abnormal”’ fashion to the artificial treat- 
ment. Before this could be put in more concrete terms, we would 
have to know much more about the response of the egg to the sperm 
in cases where the entrance point determines the median plane of 
the embryo. 


MATURATION AND CLEAVAGE OF THE ARTIFICIALLY ACTIVATED EGGS 


It has been previously noted that 100 per cent activation may be 
obtained with certain times of exposure to different dilutions of sea 
water, but that the percentage of cleavage decreased with increased 
activation so that at the optimum point practically no cleavage is 
obtained. The eggs at the optimum point were all found to extrude 
two polar bodies,> whereas on either side of that exposure time in- 
creasing numbers of eggs with one and with no polar bodies were found. 
Eggs were therefore isolated according to the number of polar bodies 
formed in order to determine which type cleaved and developed. 


TABLE V 
Relation between Cleavage and Number of Polar Bodies Formed 


Number of Eggs Number of Eggs 


Type of Egg Isolated Cleaved Uncleaved 


No polar bodies 156 


One polar body 83 


Two polar bodies. . 518 


The results obtained by isolating the various types of eggs are 
given in Table V. The eggs were isolated at 45 to 75 minutes after 
treatment and cleavage recorded about three hours later. A binocular 
microscope magnifying 125 diameters was used in making the isolations 
and the eggs were rolled around to make sure that the presence of 
polar bodies was not overlooked. None of the eggs with one or with 


5 The first polar body may divide in about half of the eggs, as is the case in the 
fertilized eggs, so that when eggs with two polar bodies are referred to in the text it 
is meant to include also those with three polar bodies. 
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two polar bodies were found to divide, whereas 85 per cent of the eggs 
with no polar bodies divided. This result is in accord with that 
obtained by Morris (1917) on the eggs of Cumingia. She found that 
a high percentage of maturation resulted in a low percentage of cleavage 
stages and larve, and from 1215 eggs with no polar bodies obtained 
five larve, whereas from 313 eggs with one or two polar bodies one 
embryo developed that was evidently uncleaved. 

In Urechis the eggs with one or with two polar bodies can be 
readily distinguished from those with none. The former are decidedly 
more “‘normal’’ in appearance and in their reaction to the treatment 
than are the latter. It is quite surprising then that only the abnormal- 
looking eggs with no polar bodies develop, whereas the others do not 
even cleave. These types of eggs will now be described in some 
detail. 

When the eggs are placed in the dilute sea water, the indentation 
rounds out and the whole egg swells due to the intake of water 
(Fig. 9). Upon return to normal sea water the egg shrinks and the 
indentation reappears. The egg thus returns to its original shape. 


This is true for all the eggs so treated regardless of their subsequent 
history. 





PLATE I] 


Photomicrographs of living objects. The magnification is 330 diameters. 

Fic. 21. Artificially activated egg five minutes after return to normal sea water, 
showing beginning of membrane elevation and rounding of indentation. 

Fic. 22. Artificially activated egg ten minutes after return to normal sea 
water, showing beginning of dissolution of germinal vesicle. 

Fic. 23. Artificially activated egg fifteen minutes after return to normal sea 
water. Compare with Fig. 10 of fertilized egg. 

Fic. 24. Artificially activated egg 34 minutes after return to normal sea water, 
showing first polar body. 

Fic. 25. Artificially activated egg 47 minutes after return to normal sea water, 
showing second polar body. 

Fic. 26. Artificially activated egg 50 minutes after return to normal sea water, 
showing single giant polar body. 

Fic. 27. Artificially activated egg 45 minutes after return to normal sea water, 
showing presence of indentation, disappearance of germinal vesicle, and absence of 
membrane and of polar bodies. 

Fic. 28. Antipolar view of an egg of the type shown in Fig. 27, showing small 
nucleus. 

Fic. 29. Same egg as in Fig. 27, 40 minutes later, showing rounding up of egg, 
elevation of membrane, and formation of cleavage spindle (indicated by clear area) 
at right angles to polar axis. 

Fic. 30. Same egg as in Fig. 27, 5 minutes later, completely rounded up. 

Fics. 39 anp 40. Show reappearance of indentation in its original position 
when egg is returned to normal sea water after treatment with dilute sea water. ° 


®In dilutions of sea water above 65 per cent the indentation does not com- 
pletely round out. 
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PLATE II. 
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It has been noted above that with certain lengths of exposures 
to dilute sea water, the time of treatment depending upon the con- 
centration employed, 100 per cent of the eggs become activated. 
Such eggs upon return to normal sea water behave very much as 
though they had been normally fertilized except that no entrance cone 
is formed. The germinal vesicle breaks down, the indentation rounds 
out, and the membrane is elevated very much in the same manner as 
in the fertilized eggs (Figs. 21, 22, and 23). The first and second polar 
bodies (Figs. 24, 25) appear at the same time as they do in the fertilized 
eggs, if allowance is made for the time of return to normal shape in 
sea water. 

This last point is illustrated in Table VI. The figures given in 


TABLE VI 
Time of Polar Body Extrusion in the Artificially Activated Eggs 





Time for First Polar Body ITime for Second Polar Body 
Dilution of Tempera- Length of 
Sea Water ture Exposure 


Total Calculated | Total Calculated 


per cent a minutes minules minules minules minutes 


30 20.0 } 35 344 46 45} 
1 35 33} 47 454 
23 36 324 50 46} 
4} 41 344 55 48} 
Fert. eggs 34 44 





45 . 304 30 41 404 
31 293 42 403 
33 293 43 393 
363 292 48 41} 
30 40 
36 344 48 463 
13 374 35 | 494 47 
24 38 34} 51 473 
do 393 324 524 452 
Fert. eggs 344 46 


























* The total time is taken from the beginning of the treatment. 
t The calculated time is that obtained by allowing for the swelling and shrinking 
of the egg. 


columns four and six of the table are for the time of appearance of the 
polar bodies from the beginning of the treatment. If allowance is 
made for the time of exposure, the time for appearance of the polar 
bodies still increases with the length of exposure. We must therefore 
subtract an amount equal to the time for return to original shape. 
A rough determination of the time of shrinkage shows it to be about 
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half the swelling time. Allowing for that, the time of appearance of 
the polar bodies is comparable with the time of polar body extrusion 
in the fertilized eggs. This holds for all eggs that form two polar 
bodies, whether or not they have received the exposure resulting in 
100 per cent activation. It is evident from these results that develop- 
ment does not start in the dilute sea water but after its return to normal 
sea water. This is in accord with the fact that the egg first assumes 
its original form on return to normal sea water and then proceeds to 
develop. It is also consistent with the fact (to be reported in a 
subsequent paper) that eggs which have been ‘over exposed’’ to 
dilute sea water do not become activated although they are still 
capable of fertilization. 

The eggs which extrude only one polar body occur in much fewer 
numbers. The maximum amount observed was about one per cent 
of the activated eggs. When only one polar body is extruded it is 


31 
53 
Fics. 31-34. Early cleavages of artificially activated eggs, drawn from photo- 
graphs of living objects. 
Fic. 31. Two-cell stage of an artificially activated egg. 


Fic. 32. Three-cell stage of an artificially activated egg. 


Fic. 33. Four-cell stage of an artificially activated egg, showing polar cross- 
furrow. 


Fic, 34, Five-cell stage produced by the egg shown in Fig. 32. 
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generally quite large, being approximately equal in size to both 
polar bodies of the normal egg (Fig. 26). The average time of ex- 
trusion of the polar body was 45 minutes, which is the time of second 
maturation division in the normal egg. 

The eggs that produce no polar bodies respond to the treatment 
in such a way that they were first classified as ‘‘ poorly activated.”’ 
The germinal vesicle disappears much more slowly than in the others. 
The rounding out of the indentation and elevation of the membrane 
may not occur for one to two hours. Figure 27 shows such an egg 
45 minutes after treatment. Although the germinal vesicle has dis- 
appeared, no membrane is present and the indentation remains. 

A small nucleus is later formed which persists until the time of 
rounding up of the egg (Fig. 28). | The time at which the egg rounds 
up varies from 40 minutes to over two hours. _ As the indentation dis- 
appears an irregular membrane is lifted off from the surface of the egg 
(Figs. 29 and 30) and a spindle develops at right angles to the egg axis. 
Within 20 minutes after the rounding up, the egg elongates and 
divides (Fig. 31). 

The first division may be equal or unequal. Of the 876 divided 
eggs listed in Table V, 485 had formed an equal or nearly equal two- 
cell stage. Four of the eggs had divided at once into three cells and 
the rest had formed an unequal two-cell stage. The next division of 
both the equally cleaved and unequally cleaved eggs may be into 
three cells (Fig. 32) or into four cells (Fig. 33). The time of division 
is quite irregular. Table VII gives the time schedule of division for 







TABLE VII 


Number of Eggs in Different Cleavage Siages at Various Times after Treatment— 
from Isolation of Uncleaved Eggs 








Time after Treatment 1-cell 


hours minutes 


1 10 300 0 0 0 
1 20 298 2 0 0 
1 35 270 30 0 0 
1 45 267 31 2 0 
2 0 202 96 2 0 
2 30 112 160 24 + 
3 0 | 30 201 41 28 


300 eggs without polar bodies that were isolated before cleavage 
began. The table shows that the behaviour of the eggs with respect 
to time of division is far from uniform; the second division in some 
eggs may occur even before the first division in others. 
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The eggs which divide into three cells at the second division 
generally divide into five at the next (Fig. 34), the original undivided 
cell still remaining undivided. Those which divide into four cells at 
the second division may divide into six, seven, or eight cells at the 
third cleavage (Figs. 35, 36, 37, 38). The third cleavage is dexiotropic 
as in the normal egg. The four-cell stage also shows evidence of 
spiral cleavage in the presence of the cross furrow, which results from 
the A and C blastomeres being higher than the B and D. The time 
of third cleavage is also quite variable. In order to determine whether 


Fics. 35-38. Early cleavages of artificially activated eggs, drawn from photo- 
graphs of living objects. 

Fic. 35. Six-cell stage produced by the type of egg shown in Fig. 33. 

Fic. 36. Seven-cell stage produced by the type of egg shown in Fig. 33. 

Fic. 37. Eight-cell stage produced by the type of egg shown in Fig. 33; showing 
dexiotropic cleavage. 

Fic. 38. Later eight-cell stage showing dexiotropic cleavage. 


a more uniform result might be obtained, equally cleaved eggs were 
isolated according to whether they divided early or late. The results 
of two such experiments are given in Tables VIII and IX. No 
significant differences in types of cleavage obtained are evident, and 
no greater uniformity in time of division results, when the divided 
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TABLE VIII 


Number of Eggs in Different Cleavage Stages at Various Times after Treatment— 
from Equally Cleaved Eggs Isolated Early 


Time after Treatment 2-cell 3-cell 4-cell | 5S-cell 6-cell 7-cell 8-cell 


1 hour 50 min. to 2 
hrs. 15 min 190 0 0 


0 
2 ee 0 


2 hours 30 min 168 0 | 
| 


ee 





0 





5 





10 0 


30 8 











0 25 











eggs are isolated early or late. The normal-looking eggs in the eight- 
cell stage were isolated from the early dividing and late dividing 
series. The embryos produced were examined about 32 hours later. 


TABLE IX 


Number of Eggs in Different Cleavage Stages at Various Times after Treatment— 
from Equally Cleaved Eggs Isolated Late 





Time after Treatment 2-cell 3-cell 4-cell | 5-cell 6-cell 8-cell 


2 hours 20 min. to 2 
hrs. 45 min 207 


2 hours 52 min..... 184 
3 


3 
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The results are listed in Table X. It may be seen that the retarded 
eggs behave as well with respect to the type of embryos produced as 
the early dividing ones. The table also shows that only very few of 
the eggs that form a normal-looking eight-cell stage develop into 


TABLE X 
Embryos Produced by Normal-Looking Eggs Isolated in the Eight-Cell Stage 





Type of Egg Number Normal Bottom 


Top 
Isolated Embryos Swimmers Swimmers 


Early dividing 


Late dividing 


normal embryos. It might be claimed that this is due to irregularities 


in the division of the chromosomes, but such irregularities would 
probably manifest themselves in abnormal divisions before that time. 


This point will, however, be checked when a study of the chromosomes 
of the artificially activated eggs is made. 


POLARITY OF THE ARTIFICIALLY ACTIVATED EGGs 


The abnormal development might also be interpreted on the basis 
of a disturbance in the polarity of the egg. However, assuming that 
the indentation marked the pole of the unfertilized egg, it was found 
that the polarity of the artificially activated eggs remained unchanged. 
These observations were made by means of the vaseline-slide method. 
When the eggs are allowed to swell in the dilute sea water, the in- 
dentation rounds out, and the germinal vesicle is nearest the surface 
at the formerly indented region (Fig. 9). Upon return to normal 
sea water the indentation reappears. The reappearance of the in- 
dentation can be followed quite easily (Figs. 39 and 40) with respect 
to the germinal vesicle and proves to occupy the same position as in 
the original egg. In the eggs which form polar bodies as a result of 
the treatment, the indentation soon rounds out and the membrane 
is elevated (Figs. 21, 22, and 23). The contents of the dissolved 
germinal vesicle moves towards the pole (as determined by the in- 
dentation) and the first polar body later appears at that point (Fig. 24). 
Fourteen eggs were followed in the manner described and all gave 
the same results. In the eggs which do not form polar bodies, the 
indentation persists for some time. Eighteen eggs of that type were 
followed to the first division and in every case the first cleavage plane 
passed through the polar axis (as determined by the indentation). 
However, if the original polarity is retained, the second cleavage plane 
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must also coincide with the polar axis. This was found to be true for 
all of six eggs followed to the second division. It appears then that 
the abnormal development cannot be attributed to altered polarity 
of the egg. 

DIscuSSION 


In the eggs of Urechis the sperm appears to be important for the 
determination of the plane of bilateral symmetry. The small per- 
centage of normal embryos obtained from the artificially activated 
eggs may then be interpreted as due to the failure of the processes 
connected with the establishment of bilaterality to occur in all of the 
eggs, although they may take place ‘‘by chance”’ in some of the eggs. 
The production of radially symmetrical embryos from the treated eggs 
is consistent with such an interpretation. In other eggs with spiral 
cleavage (Nereis, Cumingia, and Chetopterus) there is evidence for 
the determination of the plane of bilateral symmetry by the entrance 
point of the sperm. In such eggs development closely simulating 
the normal has been shown to be quite difficult to obtain, although the 
amount of normal-looking cleavage obtained is generally quite con- 
siderable. 

The view expressed here might presumably be tested by the use 
of an artificial agent the action of which on the egg is more nearly 
like that of the sperm. The needle of the puncture method may be 
taken to be such an agent. Brachet (1911) has studied the relation 
of the point of puncture to the plane of bilateral symmetry in the egg 
of the frog. In the frog’s egg the gray crescent has been shown to 
form opposite the entrance point of the sperm, and the plane of 
bilateral symmetry is determined by the position of the crescent. 
Brachet found that in the punctured frog’s egg the position of the 
crescent has no definite relation to the point of puncture. In those 
eggs that develop, the median plane forms in relation to the crescent. 
This would appear then to be evidence against the idea expressed 
above, and Brachet interpreted the result to mean that the egg itself 
has a sort of labile bilaterality. However, he points out that the action 
of the needle is not quite comparable to that of the sperm. He states 
(p. 357), ‘‘le stylet, si fin qu’il soit, est un instrument grossier, dont 
l’action est plus brutale et surtout beaucoup plus rapide; si habile 
que soit l’operateur, le fil de platine ou de verre a atteint le centre de 
l’ceuf en une fraction de seconde. Aussi |’ceuf reAgit-il en masse, et 
presque simultanément dans toutes ses parties, tout comme quand il se 
sent pénétré en méme temps par 8 ou 10 spermatozoides.”’ He 
suggests using a very fine needle of one to five micra thickness, and 
allowing it to take ten to fifteen minutes to reach the center of the 
upper hemisphere of the egg. 
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The failure of the eggs that extrude two polar bodies to develop 
has been noted in one other case of artificial parthenogenesis in 
annelids and mollusks. Morris (1917) found in Cumingia that very 
few eggs with one polar body or with two polar bodies divide, whereas 
those with no polar bodies may develop into swimming embryos. 
This result was confirmed by Heilbrunn (1925). In other cases it 
has been reported that development may proceed whether one, two 
or no polar bodies are formed. This has been noted for Mactra 
(Kostanecki, 1904, 1911), Thalassema (Lefevre, 1907), Asterias (De- 
lage, 1901, 1904; Garbowski, 1903), Amphitrite (Scott, 1906), and 
Chetopterus (Allyn, 1912; Lillie, 1906). 

In Urechis, one of the most interesting features of the eggs which 
fail to extrude polar bodies is their slow and comparatively abnormal 
response to the treatment. Those that extrude polar bodies respond 
to treatment as well as though they had been fertilized. It is sur- 
prising then that only the former should develop, since it has been 
generally held that the degree of success attained by artificial agents 
depends on the extent to which the initial response of the egg to the 
treatment resembles its response to the sperm. Just (1922), for 
example, states, ‘‘the highest per cent and normality of cleavage and 
of plutei result when the membrane separation most closely simulates 
the separation of the vitelline membrane as a cortical response to 
insemination.”’ In Urechis the eggs which extrude polar bodies have 
undoubtedly received an optimum treatment, whereas the ones that 
do not form polar bodies have apparently been incompletely activated. 
But the former have retained only one fourth of the original chromatin 
of the egg. The ability of the Urechis egg to divide would thus appear 
to depend upon the amount of chromatin present relative to the 
cytoplasm. However, it is conceivable that by means of other agents 
or by additional treatment the eggs that extrude two polar bodies 
may be made to develop, since in the sea-urchin egg fairly normal 
plutei have been obtained from eggs which contain the haploid number 


of chromosomes. 
SUMMARY 


1. The eggs of Urechis may be activated by hypotonic solutions 
ranging from distilled water to 80 per cent sea water, and trochophores 
indistinguishable from those produced by fertilized eggs may be 
obtained. 

2. The time of exposure necessary to bring about activation in- 
creases with increased concentration of sea water. 

3. The activated eggs may extrude two, one or no polar bodies. 
When the exposure is such as to produce 100 per cent activation, 
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two polar bodies are extruded on practically all the eggs, but to either 
side of this optimum exposure the proportion of activated eggs with 
no polar bodies increases. Eggs with one polar body occur in small 
numbers, and the single polar body is equal in size to the two polar 
bodies of the normal egg. 

4. Only the eggs with no polar bodies divide and form embryos. 
Those with two polar bodies or with one polar body may sometimes 
produce uncleaved swimmers. 

5. The eggs which extrude no polar bodies show a very poor re- 
sponse in other respects to the treatment. The eggs which extrude 
two polar bodies respond to the treatment in very much the same 
manner as if they had been fertilized. The fact that only the former 
cleave and develop is inconsistent with the view that for development 
to be obtained the artificially activated egg must behave like the 
fertilized egg in its initial response to the treatment. 

6. The cleavage of the parthenogenetic egg is quite variable both 
in form and in time of division. 

7. The normal embryos are produced in very small numbers. 
Even when normal-looking eggs in the eight-cell stage are isolated, 
less than 2 per cent normal development is obtained. 

8. Among the abnormal embryos produced by the parthenogenetic- 
ally activated eggs, a number of larve are found that may be classified 
in a radially symmetrical group. Such embryos may have the form 
of hollow blastulz, early gastrulz, or late gastrulz, and their develop- 
ment ends without the appearance of bilateral symmetry. 

9. The indentation of the unfertilized egg is found to mark the 
pole, and with respect to that point the polarity of the artificially 
activated egg is found to remain unchanged. 

10. The first cleavage plane is found to pass through the entrance 
point of the sperm in 71 per cent of the cases. It may be concluded 
from this that the sperm is instrumental in determining the plane of 
bilateral symmetry. 

11. It is suggested that in the absence of a localized external agent 
such as the sperm, it is a matter of chance whether the establishment 
of bilateral symmetry and other processes associated with the orienta- 
tion of the embryo may be effected. This would account for the low 


percentage of normal development and the presence of radially 
symmetrical embryos. 
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